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itinuous spectrum from an incandescent solid; 2, bright-line spectrum of sodium; S, bright-line spectn 
iry ; h. bright-line spectrum of calcium; 5, absorption spectrum of the sun, showing some of the stro 
Fraunhofer lines. Note the coincidence of the bright lines for sodium in 2 and the dark lines D in 5 
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PREFACE 


The experimental portion of this book (Chapter XII) represents a de- 
velopment from mimeographed direction sheets used in connection with a 
course in “chemical spectroscopy” offered by the author at the Ohio 
State University. The interest in this course as expressed in the relatively 
large registration (30 to 50 students each year), and the lack of available 
material in English which would be suitable as a reference textbook, have 
prompted the preparation of this text and reference book. 

Certain sections of this book, especially those dealing with apparatus 
and methods, have been prepared as a part of the author’s contribution 
to the work of the American Society of Testing Materials committee on 
Spectrographic Analysis, of which the author is chairman of the sub- 
committee on Apparatus and Equipment. 

The author is chairman of a committee of the Chemistry and Chemical 
Technology Division of the National Research Council on the Applica- 
tion of Spectroscopic Methods to Chemistry, and it is hoped that as a 
part of that committee’s work some system of uniform recording and 
cataloging of absorption spectra data may eventually be evolved. The 
methods of recording absorption spectra data in this book are subject to 
revision and should not be considered as the approved systems of this 
committee. The committee would appreciate suggestions from interested 
workers on this subject and other problems in the field of chemical spec- 
troscopy w^hich might be worthy of consideration by this group. 
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CHEMICAL SPECTROSCOPY 


CHAPTER I 

INTRODUCTION 

This book is intended to supply spectroscopic information to chemical ; 
workers, as well as to serve as a textbook for a course in chemical spectros- * 
copy. Those workers who are interested in chemical spectroscopy as a 
profession will do well to cover the major portion of this book and certain 
of the important standard reference books which are listed in the bibli- 
ography. Those workers and students who wish a knowledge of chemical 
spectroscopy as a tool to interpret published data in their field of interest 
may not find it necessary to cover in detail all the chapters in this book. 
The following subdivisions of the book are suggested for certain fields of 
interest. 

Qualitative and quantitative analysis of elements : Chapters I, III, IV, 
V, XII, XIII, and XIV for metallurgists, inorganic chemists, analysts, 
and those interested in the heavy chemical industries. 

Absorption spectra of organic and inorganic compounds: Chapters I, 
III, VI, VII, VIII, and XII for organic chemists, biochemists, medical 
research workers, and those concerned with special inorganic applica- 
tions or dye chemistry. 

A set of twelve experiments on the application of spectrographic meth- 
ods (Chapter XII) follows the theoretical discussion. A number of tables 
and charts for the solution of these experiments and for general use in the 
interpretation and application of spectroscopic methods have been 
included. 


Theory of Light 

The accepted theory of the nature of light is a combination of many 
earlier theories, including Newton’s corpuscular theory (1666), the wave 
theory of Huygens (1673), the electromagnetic theory of Maxwell (1860), 
and the more recent work of Hertz, Lorentz, and Planck. The fusion of 
these theories provides for a corpuscular form of energy (quantum) 
propagated in a wave form {A 15, A78). From the simple theory of wave 
1 
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motion we can indicate the essential characteristics of light. In Fig. l.l 
the distance from A to B represents the length of a complete wave or 
cycle, and is known as the wavelength of the light. The number of these 
complete cycles or waves in a unit length (C to D) will be known as the 
wavenumber. If F is a fixed point in space, past which the wave front is 
moving, then the number of complete cycles or waves passing this point 
in a given time will be known as the frequency of the light. 


A B 



Fig. 1.1. — Graphical indication of the relation between wavelength (X), wavenurnlser 
(v'), and frequency (v). 

Wavelength (X) = distance between A and B. 

Wavenumber (v') = number of waves in rinit length (C~D). 

Frequency (v) = number of waves passing a fixed point (F) in a unit time. 


By consulting Fig. 1.2 one can form some conception of the dimensions 
of the light wave and its relation to the other vibrating forms of energy 
propagation. In this figure the space between A and B represents the 
photographic range, i.e., the spectral region over which the photographic 
plate will give a direct response to light rays (not including .v-rays) . The 
narrower dark band between A and B represents the portion of the 
photographic spectrum which produces the sensation of visible light. 

In the indication of the relation between wavelength, wavenumber, 
and frequency, we may use the following notations: 


1 

WAVELENGTH 


WAVENUMBER = 


FREQUENCY _ 
SPEED OF LIGHT 


Using the terms X for wavelength, v' for wavenumber, v for fmfpKiiiey, 
and c for the speed of light we obtain the expression 



The speed of light has been shown to be constant over the spectral range 
with which we are concerned, and in meters is expressed as 2.99796 X 10^ 
meter (or 10^° cm) per sec, in vacuum. For accurate physical work it is 
quite essential to correct light measurements for the variation in the 
density of the medium through which the light passes, or in which it is 



RADIANT ENERGY UNITS 


measured. Tor most of the necessary chemical measurements, especially 
those dealing with absorption spectra and qualitative and quantitative 
emission analysis, we can deal with tables prepared from data observed 
in air at standard conditions, or even ignore the necessary correction 
where the probable error of the work exceeds this correction. In general, 
we express c as 3 X 10^° cm per sec rather than the value 2.99796 X 10^“. 


SPECTRAL DISTRIBUTION OF ENERGY 
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Fig. 1.2. — Spectral distribution of radiant energy. 


The limits in wavelength of the visible spectrum are found by obser- 
vation to be between 4 X 10“^ and 7.5 X 10^’' meter. The accuracy with 
which the earlier workers could determine wavelength values within this 
region (see Chapter IV) justified the use of a number with four significant 
figures in front of the decimal point, so that the limits of the visible 
spectrum might thus be indicated as from 4000 X 10~^“ to 7500 X 10~^“ 
meter. The unit of measurement in this system was called an angstrom 
after the Swedish physicist. Angstrom, and is now defined as 1/6438.4696 
of the wavelength of the cadmium red line, rather than one ten thousand 
millionth (1/10,000,000,000) of a meter. The increase in accuracy of 
modern physical methods has enabled us to measure wavelength values 
to an accuracy of one part in about ten million, or to about four signifi- 
cant figures after the decimal point in the angstrom system of notation. 
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In many of the data published on the absorption spectra of organic 
compounds and visible color, the accuracy of the work does not justify 
the use of more than three significant figures, and in the infrared the 
wavelength values increase to such a size that the use of the angstiom 


TABLE 1.1 

Definition of Important Units 


Light 

Wavelength, X 


Angstrom, A, I A, or A = 1/6438.4696 of the wavelength of the Cd red line 
= meters X 10*“* 

= meters X 10~“ 

= meters X 10“® 


Millimicron, xnM 
Micron, g 
Wavenumber, v' 

Waves .per centimeter 
Frequency, v 
Fresnel, f 

Interrelation between above units 

\/\ = v' = vjc c = speed of light = 

Example of interconversion 

1 /\ in m/i X 10^ = v' in cm“" ; v' in cm'"' X 3 X lO"*- = » in f 
e.g., 400 m/i = 1/400 X 10^ = 25,000 cm"'; 25,000 cm-* = 3 X 10“- X 25,000 = 750 f 


= vibrations per (second X 10"’“) 

= 3 X 10“' cm per sec 


Absorption Spectra 

7o = incident intensity I = transmitted intensity 

i/Jo = transmission or transmission 1 — T = A = absorption; |refle(.-tion (R) 

factor (T) is equivalent to transnii.ssiou (7’)j 

T X 100 = per cent transmitted or transmittancy (t) 

1 = ioTO"*'"'^, where c = concentration in grams per liter, and d = thickncs.s iii centi- 
meters 

Log It)/ 1 = kcd = extinction {E) 
li = E jcd = specific extinction 
Log E = log exiinctim 

< = molecular extinction = /c X molecular weight 


unit would become awkward. Hence, one finds a variety of wavelength 
terms depending upon the spectral region and character of the data con- 
sidered. For reasons which will be discussed later (Chapters II and IX), 
one finds it convenient, with certain forms of data, to use frequency and 
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wavenumber values rather than wavelength. This is especially true in 
the assignment of energy levels in atomic spectra, and the determination 
of series relationships in absorption spectra {AIS, A7S, BI 4 , B20). 


Recommended System oe Recording Absorption Spectra Curves 



LOW HIGH f 


Fig. 1.3a. — Recommended 
method of plotting extinction 
against frequency (f). 



HioH tow mj« 


Fig. 1.36. — Recommended 
method of plotting extinction 
against wavelength { to - h ). 


Use only k, E, e, log E, or log e as ordinate and plot in increasing values 
to the top. 

Use f (fresnel) for frequency and plot with increasing values to the 
right, i.e., ultraviolet on the right and infrared on the left. 

Use mfx for wavelength and plot with increasing values to the left, i.e., 
ultraviolet on the right and infrared on the left. 

The reader may note that the author has not been consistent, either 
in this book or his published articles, in the system of notation which 
he has used. In many of the published articles the author has con- 
formed to the systems used in the laboratories in which the measure- 
ments were made. So far as this book is concerned, an attempt has 
been made to acquaint the reader with the various systems in use, 
and, in some cases, to compare their application in the presentation 
of the same or similar data. 

Positive and Negative Spectrograms 

There is no common agreement among spectroscopists as to the proper 
method for the presentation of spectrum photographs or the reproduc- 
tion of spectrograms in published data. A spectroscopist should be adept 
at mental inversion of black and white so as to compare positive and 
negative spectrograms. A 'positive spectrogram, P, is defined as a spectro- 
gram in which the lines or bands appear as white, with a black back- 
ground representing those portions of the spectrogram in which there is 
no radiant energy. A negative spectrogram, N, is defined as a spectrogram 
in which the lines or bands appear as black, with a clear or white back- 
ground representing those portions of the spectrogram in which there is 
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no radiant energy. The negative spectrogram is similar to the photo- 
graphic negative obtained with a spectrograph; the positive appears as 
the contact print of such a negative. Since there may be some confusion 
as to whether a positive or negative spectrogram is reproduced the 
symbols P and N have been inserted in the titles to figures to indicate 
the corresponding positive and negative character of the spectrogram. 
See Chapter XIII for special methods of producing positive and negative 
spectrograms. 

Literature 

Note: A list of books and articles in the fields of general spectroscopy {A), 
absorption spectra (B), and research publications (C) is to be found in the 
Bibliography (pages 315 to 325). Reference to books and articles in this list 
are made by letter and number, e.g., {,A26), {C17), etc. 

General 

“Spectroscopy in Science and Industry.” S. Judd Lewis {A47). 

“Measurement of Radiant Energy.” W. E. Forsythe and others {A15). 
"Metallurgical Analysis by the Spectrograph.” D. M. Smith (A63). 

Reference 

Bragg {A6), Fabry {AlS), Gibson {BlJf), Weigert {A7S). 
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ATOMIC AND MOLECULAR SPECTRA 

The discussion in this chapter is an elementary presentation of the theory of 
atomic and molecular spectra. Although some understanding is helpful, the com- 
plete comprehension of the theory of spectra, or even of the material in this chapter, 
is not essential to the use of spectroscopic methods in many chemical problems. In 
particular, workers in the fields of organic and biochemistry with problems dealing 
with absorption spectra data may find little of advantage to them in this chapter. 

In this review discussion no attempt has been made to give complete references, 
but a selected bibliography will be found at the end of the chapter to which the 
I’eader may refer for further information. 

Origin- of Spectra 

Excited atoms or molecules are known to emit light of definite wave- 
length values, and the dispersion of this light by a spectroscope or spec- 
trograph produces a spectrum which is characteristic of the atom or 
molecule. The means of excitation may be an arc, spark, flame, or dis- 
charge tube. The production of emitted light or radiant energy results 
from the falling of electrons into lower levels of the atom. These electrons 
have been pushed into outer levels by an excitation force. The energy 
(A), which is evolved, may be represented as the difference in energy of 
the two electronic states, and may be indicated by the equation 

E = E2 ~ El = hv 

where Ei represents the total energy of the molecule in the lower electron 
state, and E2 the total energy of the molecule in the higher electron state. 
This difference may be equated to hv, where h is the Planck constant and 
V the frequency of the light which is emitted. One may thus measure 
energy in terms of frequency of emitted light, just as one may also 
measure enei-gy in calories or volts. Since each spectrum line is the result 
of energy lost by the excited atom, it follows that, if light is the exciting 
medium, absorption of light of a similar wavelength may take place as 
a means of exciting an atom. 

As has been demonstrated by theoretical and experimental work, this 
emission and absorption of energy takes place in accordance with fixed 
and well-defined rules. The electron which has been forced away from 

7 
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the proton can be forced only to certain predetermined positions, and 
the return of the electron to its normal position can take place only 
through a certain number of finite moves, i.n., it may make the complete 
change in one move or it may return to an intermediate level and from 
there to its stable or normal level. 

Hydrogen Spectrum 

The simplest atom is hydrogen, and it will serve as an excellent example 
of these effects. The hydrogen spectrum as observed (Fig. 2.1) appeal's 


6000 3000 ISOO lOOO 



BSACK|TT baLMER- series LYMAN SERIES 

1000 3000 5000 7000 9000 zFcm'* 

Fig. 2.] . — Hydrogen spectrum. (See also the hydrogen Balmer series in the finsh 
spectrogram, Fig. 4.1.) 

to be composed of a number of lines which may be arranged in a scries 
as indicated. From the Grotrian diagram (Fig. 2.2) it can be seen that 
these lines are related to a series of levels which may be represented as 
increasing voltage or frequency on the energy ordinate. It is to be noted 
that the greatest energy is required to move the electron from its stable 
position (first level) to the second level, and, as would be expected in the 
separation of two oppositely charged bodies, as one increases the separa- 
tion, the energy required becomes increasingly less and less until at last 
the electron is completely removed from the atom shells and ionization 
is said to have occurred. 

The various spectral series which are to be found in the hydrogen 
spectrum may be classified in accordance with the electron level to which 
the electron returns, or, in absorption, to the electron level from which 
the electron was dislodged. The Balmer series which includes the visible^ 
lines of the hydrogen spectrum thus represents the return of electrons 
from other, higher levels to the second level. It should be noted that an 
electron in a higher level may return to a lower level through several 
different paths, i.e., an electron in the fourth level may return to the 
third (Paschen series, line 18,751), thence to the second level (Balmer 
series, line 6562), and finally to the first level (Lyman series, line 1215). 
It may also go directly to the first level from the third level and avoid the 
second level (Lyman series, line 1025) ; or it may go directly to the second 
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level from the fourth level and avoid the third level (Balmer series, line 
4801). The course to be followed by the returning electron is influenced 
by the exciting conditions, which result in markedly different spectra as 
observed in the arc and spark excitation of certain elements. 



Fig. 2.2. — Energy-level diagram of hydrogen; vertical lines indicate electron jumps. 
The electron jump from a higher to a lower level causes an emission line of the wave- 
length indicated on each line. 

Those levf'ls or terms may be incorporated into an eriuation as fir.st 
suggested by Balmer, in the form 



where if is a constant with the value 109,677.76 cm“b and ni and Uo are 
the numbers of the final and initial electron states respectively. By the 
use of this formula the spectrum lines for the Balmer series (final term 
= 2, and variable terms = 3, 4, 5, 6, etc.) can be calculated as shown in 
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Table 2.1. Graphically one may represent this hy plod ing the term values 
from R/co (dissociating term) toR/4, against frequency, which will give 

TABLE 2.1 


Balmer SERiBb OF Hydrooex I.I.N'ES 


712 

V Calculated 

\ Calculated 

\ Ohservf 


3 

15,233. 15 cm-i 

6564,62 A 

6564.60 


4 

20,564.76 

4862.68 

4862.68 


5 

23,032.53 

4341 .68 

4.34 1 . 68 

d 

6 

! 24,373.05 

4102.80 

4102.80 


7 

25,181.34 

3971.10 

3071.10 






a uniform slope for the points of intersection of the frequency values with 
the corresponding term values (Fig. 2,3). 


TERM 

VALUES 



Fig. 2.3.— Level diagram of the Balmer series. The lower projected .spectrum 
uniform frequency scale. After Candler {A 6). 


i.s on a 
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In the spectra of elements involving only one electron sueh as hydro- 
gen, ionized helium, and the second ionized spectra of lithium, one would 
expect the same type of spectra. This expectation has been confirmed by 
experimentation. With more complicated atoms the possible series over- 
lap to a much greater extent since the removal of one electron does not 
so greatly alter the remaining negative charge or electron content, and 
hence the energy values are of a lower order of magnitude. 

The various series of lines in the spectra of elements with more than 
one electron are often distinguished by their appearance, and hence the 
designations of sharp, principal, diffuse, and fundamental have been 
used. The identification of series may be made in accordance wdth certain 
properties. For example, the lines of the principal series wdll be apparent 
in the absorption spectrum produced by the element in a vapor state 
and are usually subject to reversal, i.e., self-absorption 'due to absorption 
of the light by cooler vapors surrounding the hot spark or arc. Other 
properties which may be used to clarify the assignment of the series and 
terms include such effects as the Zeeman effect, excitation potential. 
Stark effect, and Paschen-Bach effect. 

Rydberg has developed a general formula for these series which may 
be expressed as v = vi~ R/ (m -[- a)'^, where a is a constant characteristic 
of the series, and w is a series of integral series values. R, known as Ryd- 
berg’s constant, is constant for practically all series, and v is the fre- 
quency of the limit of the series. It is thus possible to indicate each 
series’ value by a definite quantum formula although for each series and 
element the value a will be different. A less precise, but more generally 
applicable, method is to indicate the changes in levels or terms by a code 
system of notation or classification. In this system of classification de- 
veloped by Paschen and Gotze, the lowest terms of the four series corre- 
sponding to the sharp, principal, diffuse, and fundamental are indicated 
l)y the terms LS, 2P, .32), and 4F, respectively. The higher terms in each 
of these series will then be indicated by mS, mD, niF, where m is an 
integer and greater than the numerical prefix of the term to which the 
electron falls. 

In accordance with this system of notation the spectrum line series 
may be indicated as 


Printdpal serie.s mP — 1/S 

Sliaip series mS — 2P 

Diffuse series mJ) - 2P 

Fundamental series niF — 3/> 


where in = 2, 3, 4, . . . 

where m = 3, 4, 5, . . . 

where m. = 3, 4, 5, . . . 

where w/ = 4, n, 6, . . . 
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A more precise system of nomenclature which is generally accepted 
in the theoretical analysis of spectral terms {A77) designates the ground 
term in accordance with the assigned electron configuration (see Table 
2.4). Since the earlier system of nomenclature has been used in less 
technical discussions {C125a) {A6) it has been used in this brief descrip- 
tion of atomic spectra. 

Tor example, in Tig. 2.4 the first line of the principal series ma}’’ be 
indicated as 2P — IN, which involves a change of state from the 2P term, 
or level, to the IN level. As will be noted in Tig. 2.4, there are certain 
limitations of combinations, such as the combination of terms with onh' 
those series on either side, i.e., an N term combines only with a P term, 
P terms combine only with N or D, and Z) terms only with P and F terms. 
Spectral terms may be of a simple singlet type or more complex doublet, 
triplet, or higher multiplet types. To designate this, one adds a super- 
script prefix of 2, 3, etc. (as -P, ^P, etc.), to the term values to indicate 
this doublet, triplet, or higher system, and a subscript sufiLx of 0, 1, 

2, 2^2; etc. (as Po, P 1 / 2 , etc.), to indicate sublevels. In Fig. 2.4, 
w,'Pi/ 2 — >1^3i/ 2 indicates the lower-frequency, and m-Pz/r-^l^Sii^. the 
higher-frequency, components of the principal series of doublets of which 
the yellow D lines are the first members. In the sharp and fundamental 
series this separation between doublets is constant on a frequency scale, 
and the separation of the doublets in the principal and diffuse series is 
associated with the separations of the sharp and fundamental series 
although the separation is not constant. 

Fowler summarizes the definition of these series as follows: 

1. The sharp series exhibits a constant difference in wavenumbers 
in the doublet types with the higher-frequency line showing a weaker 
intensity. Since a constant difference is shown between doublet pairs, 
the limiting frequency of these doublet series will be different by this 
amount, but the value, a, of Rydberg’s formula will be constant. 

2. The principal series exhibits a reverse in the intensity ratio as com- 
pared with the sharp series, in that the higher-frequency component has 
the greater intensity. In the first members the difference in the doublet 
pair i.s the same as in the sh^n•p series, but the higher members show de- 
creasing differences so that the limiting frequency values of both series 
of doublet lines are the same. This involves in the Rydberg formula a 
constant, vi, and a variable, a. 

3. The diffuse series is somewhat complex, involving lines showing the 
sepiarations of the sharp and fundamental series. The three lines may be 
considered as two pairs having one line in common (that of the higher- 
w'avenuraber component). The middle component is the strongest and is 
separated from the low- wavenumber component, which is the weakest in 




Serie? in the sodium spectrum (on a uniform frequeney scale) and the combination of these 
the completed spectrum. 
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intensity, by the frequency difference of the fundamental series. The 
lines may be indicated as a, jS, and 7 , ce being the component of highest 
frequencj^ The /3 line approaches the 7 line at the series limit so that but 
two lines appear at the limit. Furthermore, the limits of the diffuse series 
are the same as those of the sharp series. 

4. The fundamental series in a doublet multiplicity involves pairs of 
lines with a constant separation equal to the jS-y interval in the first of 
the diffuse series group of lines. 

5. Additional series are possible, of course, but little is known of their 
characteristics. Such levels are indicated as G, H, etc. 

The explanation of why the separate term levels should be split into 
components of slightly different energy content is based on an angular 
momentum, which is expressed as J, where J may equal yi, ? 2 , etc., 
in even multiplicities, or 0, 1, 2, etc., in odd multiplicities. In spectral 
theoiy, L is used to indicate the orbital and J the electronic angular 
momentum. Where there is but one electron outside the nucleus or core, 
the remaining electrons and proton forming a completed octet, J can 
have but two values; (1 +^ 2 ) and (1 — 34)* The terms of the doublet 
spectrum can best bo indicated by Table 2.2 ( 6 ). Here the lines indicate 



1 h(' (»bs('rve<l i i-aii.sit ions which arc pn'st'idc'd graphically in thf' (Jrofi-iaii 
(liagrani of tlu' sixlium sj)('c 1 riiin (Fig. 2.4). With regard to iiit('nsit i('s of 
lines, Soimncrfcld has shown that the strongest lines are inuduced when 
both L ;ind J arc changed in the same direction {A(Jo). 

Spkcthal Terms a.\d the Periodic' Table 
In the for('going discussion W(' have' dinilt with the spi'ctru of hydrogen 
and the alkali metals. The (dements in any group oi- subgroup in the 
periodic table exhibit similar sp(‘ctra, but with increasing complexity as 
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one goes across the periodic table. In the second group in the periodic 
table (alkaline-earth metals), the spectra are characterized by the 
presence of singlet and triplet systems, involving as before the principal, 
sharp, diffuse, and fundamental series. The next periodic group (B, Al, 
etc.), the trivalent group with thi'ee electrons in the outer shell, gives 
spectra showing doublets and quart.ets. In the next periodic column, 
singlets, triplets, and quintets occur, and thus the maximum values in- 
crease in succeeding columns in the periodic table until octets are pro- 
duced, The J values for the electronic angular momentum for odd 
spectral series (singlets, triplets, quintets, etc.) will be found to be even 
values differing by unity, while in the even series (doublets, quartets, 
etc.) the electronic angular momentum values (J) will be found to equal 
unit values less 34- 

The classical Bohr theory assigns to the atom a certain number of 
shells, and all the electrons in each shell have the same series quantum 
number, i.e., for the K shell the series quantum number, n~ l \ for the 
L shell, n = 2; for the M shell, n = 3; etc. Each shell has been divided 
into subshells in accordance with the number of s, p, d, and / electrons 
present. Orbital quantum numbers, I, have been assigned to each of these 
subshells as indicated in Table 2.3. 


TABLE 2.3 



A.ssignmen't on 

ElECTHON'S in 

Shells 



Shell 

K 

L 


M 



N 



Quantum number (n) 

1 

2 


3 



4 



Subshell 

Is 

2s 2p 

3.S 

Zp 

M 

4.S 

4p 

4d 

4/ 

Quantum number (J) 

0 

0 1 

0 

1 

2 

0 

1 

2 

3 

Number of electrons. 

2 

2 6 

2 

6 

10 

2 

6 

10 

14 


It is thus possible to classify the elements of the periodic table in ac- 
cordance with their electron configuration and predict the character of 
the spectra and the normal states of each atom. For example, hj'-drogen 
has one electron of the Is state, and in accordance with the rules which 
have been discussed it will have a normal state of -Siji (odd numbers of 
electrons will have J values equal to or ^ -f- a unit value, and the 
multiplicity wdll be doublet for Group I of the periodic table). Helium, 
on the other hand, has two s electrons in the n = 1 shell which are 
indicated as Is, and hence a normal state, 

The second period of the periodic table involves the L shell. For all 
these members the K shell is complete and hence all atoms will have a 
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common part in their configuration of Is-. The electron configurations 
may be indicated as in Table 2.4. 

TABLE 2.4 

P.'i.RTi.^L Table op Electron Configuration of the Elements 


(For a complete table, see White, {A77) p. 82; Candler, {A6) p. 194; etc.) 




SheUs j 

Atomic 

Ele- 








Normal 

No. 

ment 

K 


L 


M 



State 



(«=1) 

(n 

= 2) 


(n = 

3) 


(n = 4) 



Z = 0 

Z = 

= 0, 1 

Z 

= 0, 

1,2 


= 0, 1, 2, 3 

1 

H 

Is 








2 

He 

1S2 








3 

Li 

ls2 

2s 






!*>Sx/2 

4 

Be 

ls2 

2s"- 







5 

B 

1S2 

2s2 

2p 






6 

C 

W 

2s2 

2p2 





■’Pa 

7 

N 

Is- 

2s2 

2p» 





■^Sv2 

8 

0 

ls2 

2s2 

2p* 





’P-2 

9 

F 

Is- 

2s2 

2ps 





’P 3/2 

10 

Ne 

Is- 

2$"- 

2p« 





‘No 

11 

Na 

ls2 

2s2 

2p« 

3s 




'-’Ni/2 

12 

Mg 

ls2 

2s2 

2p« 

3s”- 




i 'No 

13 

AI 

ls2 

2s2 

2p^ 

3s!! 

3p 




17 

Cl 

ls2 

2s2 

2p6 

3s'^ 




i =P3/2 

18 

A 

Is" 

2s2 

2po 

3s!! 




1 !No 

19 

K 

Is- 

2s'^ 

2p« 

3s- 

3/}6 


4s 


20 

Ca 

ls2 

2s= 

2/>s 

3s- 

3p« 


4s!! 

'No 

21 

Sc 

ls2 

2s-’ 

2p« 

3s’ 

3p« 

3(/ i 

4s!! 


22 

Ti 

ls2 

2s‘^ 

2p« 

3s"- 

3p<' 

3d-’ 

4s- 

’F-.- 

23 

F 

ls2 

2s-^ 

2p<! 

3s!! 

3p« 

3d" 

4s!! 

■'Fa/2 

24 j 

Cr 

Is- 

2s"- 

2?)6 

3s!! 


3ds 

4s 

1 AS's 

25 

Mn 

Is* 

2s-^ 

2p6 

3s” 

3p« 

3d» 

4s- 

, "^6/2 

29 

Cu i 

Is- 1 

2s-! 

2p« ; 

3s- 

3ps 

3di'’ i 

4s 

’Nl /2 

30 : 

Zn } 

Is- 

2s- 

; 

3s- 


3di« j 

4s= 

•No 

31 

Ga j 

is- 1 

2s"- 

2p' ! 

3s- 

3ps 

3di« j 

4s!! 

"-Fi,2 

32 ' 

Ge I 

ls2 ! 

2s" 

2p« 1 

3s!! 

3p« 

3d!° 1 

4s2 

4p"- 1 spj, 

33 ; 

As j 

ls= 1 

2s"- 

2p® 1 

3s!! 

3p6 

3di« i 

i 

4s- 

: •‘Ni /2 


; 

; 

_ - 


— 

_ — 
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The higher multiplicity tables (quintets, sextets, septets, and octets) 
follow the same general rules for the four multiplicity tables shown in 
Tables 2.2 and 2.5. 

TABLE 2.5 


Hiohek Multiplicity Ter-MS 


0 ^5, 

/ 1\ 

1 ’Po— ■’P 2 

■\ I \ I \ 

2 3p,_sp„__37)., 

\ 1 \ I \ 

Triplets 


^*5^3 /Z 

/ i \ 

I \ I \ I \ 

\ 1 \ 1 \ IX 

Quartets 


In all these multiplicity terms there is only one J value for S which is 
equal to Yi the multiplicity term minus Yi i*®*) quartets the J value 
will equal Y of 4, or 2, less or lY- The prefixing number of all quartet 
terms will be a 4 to indicate a quartet term. The total number of terms 
in any of the other series, P, D, F, etc., will never be greater than the 
multiplicity order; i.e., there are only two P, D, and F terms in the 
doublet multiplicity; in the quartet series there are three P, four S, and 
four F terms. There are never more than three P terms, five D terms, or 
eight F terms. The selection rules which determine the terms and J values 



Fig. 2.6. — Zeeman effect, indicating use of thi-s method in tlie assignment of teem 
values to spectrum lines. The e.x.ample shown i.s the cadmium tri])Ud. 34f>().2, 3407.7, 
and 3610.5 (J. B. Green). N. 


are definite and reasonably simple, although the actual assignment of 
these values to a line in a complex spectrum is often difficult. The assign- 
ment can be made somewhat easier by the application of a magnetic field 
to the line. This results in the Zeeman effect with a splitting of the line 
into definite patterns of components dependent upon the J, L, and 
multiplicity values (Fig. 2.6). 

In the higher multiplicities as well as in the doublet system there are 
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definite rules concerning intensity of component groups of term lines. 
In those elements showing higher multiplicities than doublets, there are 
always two multiplicities, i.e., 1 and 3, 2 and 4, 3 and 5, etc., so that the 
spectrum may be further complicated by transitions from terms in one 
multiplicity to terms in another in what might be called intersystemal 
lines. These intersystemal lines are also governed by definite rules, such 
as the limitation of a change of L to 0 or ± 1 and a change of J to 0 or i 1 . 
It is also impossible to have a change of state where J = 0 in both terms. 

Onljj' about half of the lines of the calcium spectrum are accounted for 
by the triplet-singlet systems together with their intersystemal jumps. 
The remaining lines are due to the simultaneous jumps of two or more 
electrons and the complete removal of one electron to yield a singly 
ionized calcium ion. which has an electron structure similar to that of 



ATOMIC NUMBER 

Fig. 2.8. — Ionization potential of some of the elements (I) (lower) and ionization 
potential of these singly ionized elements to doubly ionized elements (11) (upper). 
Note, in II series, that zero voltage for each element is its single-ionization potential. 

the alkali metals, and hence will produce a doublet system. Further 
ionization can take place with the removal of additional electrons as a 
result of higher excitation potentials or temperatures. Many of these 
higher states of ionization are not available in our present laboratory 
methods, but are often observed in the spectra of stellar bodies. An ex- 
ample of the similarity between series of spectral lines produced by 
atoms with the same number of electrons but different proton or nuclear 
charge is shown in Fig. 2.7 (after Candler). The use of numbers I, II, 
III, and lY after the element sjnnbol indicates the spectra of atoms which 
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Gontain all their electrons (1), have lost one electron (II), have lost two 
electrons (III), and have lost three electrons (IV). A. succeedingly greater 
voltage energy is required to produce a higher degree of ionization. Since 
the outer shell is the only part in -which the atoms differ from each other 
in this assignment of electronic configuration, it is only necessary to 
indicate the last two terms to specify the atom. For example, Cl may be 
indicated as 3s- 3p“ with a normal state of “P 3/2 (Table 2.4). The necessit}^ 
for the use of the last two terms rather than the final term is due to such 
an anomaly as is shown in K and Ca in which the 4s shell is completed 
before the 3d, and in the long periods in the periodic table in which the 
higher s and lower d shells vary in the number of electrons. In the rare 
earths the 4/ electrons in the jV shell vary in number from 2 to 14, while 
the other shells, including the outer 5d and 6s- shells, remain constant. 



Fig. 2. 9o.— Displaced frequency diagram in the sulfur I sequence showing regular 
frequency change in the 3s- Sp-* — 3s 3j)* multiplet (Kruger and Pattin [C?'5]). 


From this discussion of electron configuration it can easily be seen that 
the loss of an electron by ionization immediately changes the electron 
configuration to the preceding element in the periodic table, and, in a 
like manner, the normal state for this ionized atom and its multiplicity 
will follow the preceding assignment. Be I, with an outer electron con- 
figuration of 2s- and normal state on ionization to Be II conforms 
to the Li electron configuration of 2s with a normal state of ’-iSi/o. The 
critical potentials for changes from state I to the ionized state II of the 
elements are indicated in Fig. 2.7. It will be noted that the inert gases 
have a maximum, indicating that considerable energy is required to 
destroy the completed outer octet shell, while the alkali metals with but 
one electron in the outer shell are the easiest to ionize. The ionization 
potentials of the singly ionized elements (II) to the doubly ionized states 
(III) indicate again the stability of the octet shell and the ease of libera- 
tion of the s electrons (Figs. 2.8 and 2.9). 

Space limitations prevent the discussion of the anomalous behavior of 
many elements. The system of spectrum formation which has been 
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described in the preceding pages is not always followed with exactness, 
and there are many cases of inversion, quantum defects, series perturba- 
tions, and autoionization. The spectral analysis method for isotopes by 



Fig. 2.96. — Spectrogram of titanium (4300 A region) in arc (top) and furnace at 
2600°, 2300°, and 2000° (Carnegie Institution of Washington, Mount Wilson 0)j- 
servatory). Note change in relative line intensities with variation of excitation. P. 


means of atomic spectra is difficult, and the theory involved in the ex- 
planation is too complicated to be adequately discussed in an analytical 
textbook (see section on band spectra). 

Band Spectra (Diatomic) 

The most widely observed band spectrum and one which cau.ses con- 
siderable worry to the analytical chemi.st is the ('N hand system prodnc*ed 


4250 


3600 A 


Ca 



Fig. 2.10o. — CN bands (taken with a logarithmic sector to show relative intensity). N. 


in a carbon arc in air (Fig. 2.10a). In the study of a band spectrum we are 
dealing with the excitation of a molecule rather than a single atom, and 
the mathematical analysis becomes much more difficult than for an ex- 
cited atom involving but a single central proton or nucleus. With two or 
more nuclei within the excited body there will be inner vibrational, 
rotational, and electronic effects which will lead to variations from the 
single proton tj^'pe, and because of the quantum effects these deviations 
win appear as regularly ordered satellite or band series. For purpose of 
nomenclature of the effects observed the symbols N, IT, A, and $ are used 
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in place of the *S, P, D, and F terms of the atomic spectra system. The 
electron configuration is expressed in much the same manner (Table 2.6). 

TABLE 2.6 

Atoms Molecules 

C 2p^- ^Po 1 CO 2 s^2 2pr^ 3da^- 'S 

O ls2 2s2 2p^ I 

On account of this increased complexity in spectrum analysis, prac- 
ieally all the work that has been done has been confined to diatomic 
nolecules. The same general rules can be applied in the analysis of band 



5140 518^ ta 

Eig. 2.106. — CaF bands at 5145 A, (1,0) — >-3. P. 

spectra from diatomic molecules as have already been applied to the 
monoatomic spectrum analysis. An atom or molecule can emit only dis- 
crete amounts of energy corresponding to certain states or energy levels, 
and this energy can be related to the frequency of the emitted or absorbed 
i-adiation by the Bohr equation : 

hy = E\ — E2 

where Ei and E^ are the energy values, of the two states or energy levels; 
h, Planck’s constant; and v, the frequency of the absorbed or emitted 
radiation. 

Electronic, Vibrational and Rotational Energy 
As in the atomic spectrum, emission corresponds to a transition from 
a higher to a lower energy state, and absorption to the electron transition 
from a lower to a higher state. This energy value which represents the 
difference between the two states may be further resolved, in the case 
of molecules, into three factors which are known as electronic, vibra- 
tional, and rotational energy. 

E = Ee-{- E, + Er 

The electronic energy, E^, is similar to the energy of the simple atomic 
spectra, and involves the two nuclei as a whole, especially with regard 
to the electrons on the outside of the molecule. The vibrational energy, 
is that produced from the vibration of two atoms along a line con- 
necting them and can be defined by a single quantum number (r = 0, 1 , 2, 3, 

. . .). The rotational energy, AT, involves the energy of rotation about 
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the center of mass of the molecule and is defined by a group of quantum 
numbers including the quantum number J which determines angular 
momentum. A qualitative representation of this system is shown in Fig. 
2.11 in which and represent electronic levels (corresponding to 8 
and P levels of atomic spectra). The dotted lines represent ground 
states in the two levels, S and II, while 
the quantum numbers v represent the 
vibrational levels, and the Cj[uantum 
numbers J represent the rotational 
levels. In magnitude the electronic 
values are large and correspond closely 
to atomic effects. The vibrational ef- 
fects are quite small as compared with 
the electronic, and the rotational are 
still smaller. Electronic bands are pro- 
duced when there is a change from one 
electronic level to another, i.e., when 
Ve is not equal to zero such bands in- 
volve vibrational, rotational, and elec- 
tronic effects. When is equal to zero 
the band systems produced are lim- 
ited to vibrational and rotational ef- 
fects, and here, if the vibrational 
energy change is not equal to zero, 
both effects may be involved. In any 
case the energy change is small and 
the bands wdll be limited to the near 
infrared. If the vibrational energy 
change is zero, then the only possible 
effects are in changes in the quantum 
number /, w'hich will result in a series 
of bands in the extreme infrared due to 
the very low energy change . In general , 
the vibrational bands will increase 
in separation with lower quantum 
numbers whereas rotational bands will decrease with lower quantum 
numbers. In vibrational bands two branches are found: P, the positive 
branch, where J increases by 1; and P, the negative branch, where J 
decreases by 1 . The lines are thus indicated as R (4) to show a transition 
of J from 5 to 4 in emission and the opposite transition in absorption. 
The band origin line (P(0)) is a missing line but can be easily determined 
by extension of the P and R curves. A third type of band branch is the Q 





Fig, 2.11. — Energy levels in the 

S >-^11 band. S and II indicate elec- 

ronic states; F=0, 2, 3, 4, 5, etc., 
ndicate vibrational and /=0, 1, 2, 
[, 4, etc., indicate rotational states. 



ISOTOPE EFFECT 


branch which occurs in electronic bands where the J value is unchanged 
in the transition. J' = J" (Fig. 2.12). The direction of degrading will de- 
pend upon the relative energ>^ values of the different levels. 



Fig. 2.12. — Fortrat diagram of the band of CO. P v'alues correspond to 

electron shifts from n J levels in S to «. + 1 levels in n or a change of -f 1 in J. Q values 
correspond to a zero change in J and i? to a — 1 change in ,/. All P, Q, and R values in 
this diagram originate in the same level in II and terminate in the same u level in 2:. 
If the V level in S is 0 and in IT is 0 the band is known as the 0, 0 band, and cor- 
respondingly if the electron shifts arc from u = 1 in S to « = 0 in II it will he known as 
the 1, 0 band. 

Tie 


i 0 0 2 2 I 2 

62 I 00 0 0 



Fig. 2.13.- — ^Isotope displacement in band spectra. 


IsoTOPK Effect 

Of particular interest to the chemist is the application of diatomic 
band spectra to the identification of isotopes. While electronic level 
displacement alone does not show appreciable differences, the added 
vibrational energy w'ill cause a marked shift since the vibrational band 
is associated with vibrations whose energy depends on the actual masses 



n) 



4744 A 


4737 A 


Fig. 2.14. — Isotope effect of in the C 2 band spectrum (Birge and King). N, 

of the two nuclei. Band structure in the stronger of the isotopic members 
will, however, often mask the presence of a weaker isotope band series 
unless the band head of the less abundant molecule lies outside that of 
the more abundant molecule (Figs. 2.13 and 2.14). Though not included 
within the scope of this book, it can at least be mentioned that the spec- 
tral studies of diatomic molecules can be applied to the determination of 
numerous important physical constants such as the heat of dissociation, 
ionization potentials, predissociation effects, and isotope concentration. 
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CHAPTER III 


EMISSION SPECTRA (APPARATUS) 

Spectroscopes akd Spectrographs 

The spectroscope has been developed from the observation of Newton 
in 1666 that white light in passing through a prism was dispersed into a 
spectrum. (By spectrum is meant the ordered arrangement of radiation 
in accordance with its frequency or wavelength.) Newton did not use a 
narrow slit for his illumination source, and so it remained for Wollaston 
and Fraunhofer (1802-1817) to make the observation that light sources 
such as the sun were not homogeneous, but involved light and dark spec- 
tral regions. Fraunhofer measured carefully the dark lines in the sun 
spectrum and indicated the more important lines by letters (Fig. 4. la). 
This system of nomenclature is still used for these lines, such as the B, 
or yellow, sodium line. (See Frontispiece Plate I.) These dark lines in the 
sun spectrum are due to absorption of continuous radiation by vapors of 
the elements. By the comparison of the angle of bending of the light path 

x-in 600 500 400 300 200 lOO-mm (U) 

mjj 

1000 


800 


600 


400 


200 

(A) mm -100 200 300 400 500 600 

Fi( 5. 3.1. — Dispersion curve for quartz spectrographs; A, against wavelength scale; 
B, again, st frequency scale, i. Small Littrow (30 cm). A. Medium Cornu (70 cm). 3. 
f.arge Littrow (ISO cm). 

with the wavelength of the light, we can establish a dispersion curve for 
the refracting substance. From the dis})ersion curve (Fig. 3.1) it can be 
seen that the separation is not linear, and hence, in the use of such mate- 
rials as glass and quartz, it will })e necessary to bend the photographic 
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plate to approximately the same curvature to rccoi-d the si)t'c*trum at 
propel’ focus. This change in dispersion rate and focal point can he made 
more linear by the use of a compound lens system in what is known as 
the focusing lens of the instrument. 

Fraunhofer first applied the principles of dilTraetion of light from a 
ruled grating (his grating was made of fine silver wires) to the measure- 
ment of (lispcr.sioii angles, 
and, by reason of th(‘ linear 
dispersion obtained in a 
grating, was able to assign 
actual wavelength values to 
the lines which h(‘ had identi- 
Fig, 3.2a. — Bunsen spectroscope. fi^d in the sun absorption 

spectrum. Both these meth- 
ods of light dispersion have been employed in subwSeqiKmt spectroscopic 
investigations, and the choice of a dispersion system in firesent-day spec- 
troscopic studies is still largely a matter of personal preference, avail- 
ability, and cost. 

The simple spectroscope as devised by Bunsen (Fig. 8.2) involves a 



slit {S), collimating lens (Li), 
refracting prism (a 60° prism 
of quartz, glass, or other re- 
fracting medium), a focusing 
lens {Lz), and an eyepiece (F). 
Through this eyepiece it is 
possible to examine the 
spectrum so long as it remains 
within the visible range. For 
extension beyond the visible, 
the recording of the complete 
spectrum; and the study of 
faint lines whose intensity is 
not sufficient to produce a 
visual effect, but whose in- 
tegrated intensity over a period 
of time would be sufficient 
to produce a photographic 



effect, a modification of the spectroscope has been devised, namely, 
the spectrograph (Fig. 3.3), which utilizes a photographic emulsion for 
the recording of the spectrum. Because the lens systems involve the 
principle of refraction of light, as a means of focusing, and the 
physical phenomena of dispersion, upon which the whole spectrographic 
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principle is based, it is apparent that the focal length of a simple leiis px- 
system will be shorter for those raj^s which are bent at a greater ; 



Fig. 3.3. — Optical diagram of a spectrograph. 


We may, therefore, expect a change in focal length and dispersion rate 
on the photographic plate which will approximate the dispersion curve 
of the refracting medium (Fig. 3.1). 

A partial correction of the necessary curvature of a photographic plate 
may be made by means of a suitably selected set of lens components in 
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the focusing lens, just as one may correct the focal points of a photo- 
graphic lens, so that various wavelengths of light will have the same 
focal point, in what is known as an achromatic lens. In this correction 



Fig. ZAe. — Gaertner spectrograph, 170 cm (Littrow). 

no attempt is made to alter the slope of the plate with regard to the 
normal beam from the prism, but rather to reduce the curvature of this 
focal plane so as to avoid too severe a bending of the photographic plate. 
Even with this applied correction it is often necessary to use very thin 
glass plates or film base for the photographic emulsion rather than the 
usual photographic plate which could not stand the bending strain. 



i.-...-,, .. ..... . 

Fig. 3.4/. Zeiss spectrograph 60 cm 
(mcdiumi. 

The spectroscope or spectrograph is most efficient when the incident 
and refracted beam form the same angle with the prism — the angle of 
minimum deviation. Most spt'ctrographs are so con.structod that this 
angle is formed between the middle of the spectrum plate and the prism 



Fig. 3.6. — Lens iind priam as.seinhly 
(medium Bausch and Lonib spectrograph). 


32 


EMISSION SPECTRA (APPARATUS) 


face, and the slit and the prism face (Fig. 3.3). The object of the colli- 
mating lens (Xi) is to bring the light into a paiallel beam as it passes 
through the prism (P) and thus cause the beam to strike the prism, at a 
uniform angle so as to produce the same dispersion, at an.7 'wavelength, 
for all parts of the beam. The focusing lens (L^), as has been mentioned, 
brings the parallel dispersed beams into focus on the photographic nega- 
tive placed at the focal plane. 

Prisms 

Certain modifications of the simple instrument described above have 
been developed, among which the Littrow spectrograph is outstanding 
in imxiortance. In this modification (Fig. 3.6), advantage is takem of the 



Fig. 3.6. — Diagram of Littrow spectrograph (see Exerci.se S, Chapter A'JI for a 
description of parts and adjxistment). 




Fig, 3-7, — LittrovA’ (a) and Coniu {b) prisim (Kauricli iind Loinbj. 

use of a 30° prism with a mirror-back face so that the beam of light pas.ses 
through the prism to the mirror face and is reflected back through the 
prism, the total path being equivalent to a iirism (Fig. 3.7f/) . In the 
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use af certain natural products, sueli as quartz crystals, as the refracting 
medium, the nature of the crystal structure is such as to require the 
cutting of the refracting prism along certain definite optical axes, and, 
except for that light which is refracted at exactly the angle of minimum 
deviation, there will be a doubling of the image due to the optical prop- 
erties of quart 2 . To correct for this. Cornu has devised a prism which 
bears his name (Fig. 3.76), in which the 60° prism consists of two halves 
of 30° each in optical contact and composed of quart 2 of opposite rotatory 



Fig. 3.8.- -Small Littrow (Bauseli and loinb) (30-em focal length — 210 to 700 

15 cm). 

power, i.e., one de.xtro and one levo prism: thi.s results in a complete cor- 
rection of the defect. In the littrow modification it is not necessary to 
apply such a correction, as the reversal of the beam by the mirror suifacf^ 




I'lG. 3.9(7. — (left) Diagram of con- 
stant-deviation .spectrometer. Su .slit 
Pi, constant-deviation prism; WD. 
wavelength drum; F, eyepiece. 

Fig. 3.96. — Cabove) Hanci spectro- 
.scope. O, collimating lens; S, .slit; P 
prism tBausch and Lomb). 
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and the return of the beam through the same prism results in a eon-oetion 
of this doubling effect (Fig. 3.8). 

Among the other modified prism instruments are constant-angle and 
direct-vision spectroscopes and spectrometers (Fig. 3.9). A spectrometer 



supplies light of a constant frequency from a homogcaieous sourer' and 
may be considered an instrument for measuring thr* frerpieney or wavr*- 
length of the observed heterogeneous source. Two constant-deviat ion 
prisms are shown in Fig. 3.10, in which the refracted bciani is reHerded 
either by a right-angle prism (A) or a plain mirror (Wadsworth niount- 
ing) (J5). The result of this reflection is to reverse the* spectral order so 
that a constant angle is obtained for all wavelengths at the angle of 
minimum deviation of the prism. 
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Gratings • 

On account of the scarcity of ruled gratings it has been difficult to 
obtain satisfactory ones for medium-sized instruments such as would be 
used by the chemist. With the recent development by "Wood of a rapid 
and accurate method of ruling on glass and aluminum, and the ability 
to aluminize glass gratings, it is apparent that this form of dispersion 
for spectrographs will be used to a much greater extent in the future. 
Of the various methods of mounting a grating, the most generally ac- 




Fiq. 3.11. — Combination Ieii.s and prism systems, 
a. Fery. b. Caillier. 

cepted form for the chemist is known as the Eagle mounting. This is 
quite similar to the Lit trow mounting for a prism spectrograph, and, in 
fact, there are available on the market instruments with interchangeable 
grating and prism systems (Hilger — 185) (Fig. 3.6.40- The grating, in 
itself, is only a dispersion medium, and it is still necessary to use a colli- 
mating and focusing lens. As in the Littrow-mounted prism instrument, 
the same lens may function both as a collimating and focusing device. 
As a further simplification in both the Eagle-mounted grating and the 
Littrow-mounted prism instruments, a combination lens and dispersion 
piece has been devised. In the grating instrument this involves the use of 
a concave mirror as the lens sy^stem, upon whose surface is ruled the 
grating. Such a grating is generally called a concave grating, and because 
of the uniform reflection of light regardless of wavelength it acts as a 
fully corrected achromatic lens system. In the prism instrument the 
effect is produced by grinding both the front and back of the prism as 
two lens surfaces with an angle of 30° between the ares formed by the 
two curved surfaces (Fig. 3.11.4). This prism, which is known as a Eeiy 
prism, while ver^^ economical of quartz is not extremely satisfactory on 
account of its inability to produce an achromatic lens effect . 
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Concave gratings, by reason of their optical principle, do not produce 
a spectrum of stigmatic character, and the image product'd on the plate 
is not a photographic image of the slit but rather an integrated and re- 
distributed image of the slit intensity. This prevents the us(‘ ol a stcf) 
sector or slit diaphragm at the slit, although a similar diaphragm luivS 
nearly equal effectiveness at the plate (Fig. 3.12). 

The choice of dispersion medium is dependent in part on tlu! si)f'ct]-al 
range to be covered. For the photographically sensitive; region of the 



Fig. 3.12a. — Applied Research Laboratories grating .spe(;trograph dl. W. I>i(;fort 
Company). 

ultraviolet, quartz is the most acceptable; for the near ultraviohd, and 
visible, glass and gratings; and for the infrared, rock salt or sylvitf' 
crystals and gratings may be used. 

Slits 

Since in most instruments the photographic image in the sjiecrirogi-ain 
(spectrum photograph) is a replica of the slit, and in all insti-uments the 
spectral purity is a function of the slit characteristics, it is (piit e essentiid 
that the slit of the instrument be of e.vceptioiially fine quality (Air>), 
So far as the spectroscope or spectrograph is concerned, the slit is thi' 
light source from which the spectrum is obtained. An auxiliary light 
source from without is of course used to illuminate the slit, but tin* 
actual photograph obtained is a reproduction of the slit in each detail. 
If the slit has a slight indentation or projection caused by a nick in the 
jaw edge of the slit, or a dust particle, then each spectral line will show 
this as a wide or narrow difference in the spectral-line width, and in the 
entire spectrogram the dust particle will appear as a white streak on the 
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iiBgative, and the nick as a black streak. It is therefore (jiiite essential 
that the slit be carefully cleaned to guard against the presence of dust 



(Baird Associates k 
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In certain instruments, such as the liausch an<l Lnniit. the screw mo- 
tion to open the slit is s(‘t to operate asainsf a spring which normally 
holds the jaws together, and which is hloeke<l at the point ol contact so 
that it is impossible to damage tin* slit by turning the adjust m<-nt screw 
beyond the zero slit opening. In gen(;ral, spent rographic slits are pro<iuccd 
by cutting some non-eorroding metal with Ijevel knife edges so that tin* 
bevel surface is facing the prism, and the out(‘r surfata* appears as a 
flat surface when th<‘ two jaws are in <‘(mtaet (Fig. o.bb. 



Since, in all prism iristrumfmts tuid in cei-fain opti<*al m<»dihc;it ion*^ of 
the grating instruments, the si)eetrogram is a reproduct ioti of the slit at 
different wavelength positions, tin* ideal place If) intro‘htec any dia- 
phragms for suptwposition of one speetrum f)n top f)f anotht*r will be at 
the slit. Special diaphragms art* available for the purpose < Fig. 3.14 ; . b\ 
means of which one may vary tin* Insight of the spectrum on tin* pl.-pc. 



Fic. 3.14. — Ilartiiuimi Ian. li.-oi-cn -fep- Itf . 

ditiphragiii. 


and thus by motion of the plate, in a direetion at right angles to the 
spectrum, record a numbtw of .separate spectrograms on fin* same rn-ga- 
tive. With the Hartmann diaphragm which involves a nuinh(‘r of openings 
in echelon it is possible to record sev(‘ral spectrograms on the same nega- 
tive without moving the plate hohkw. This avoids, any lat(*ral .-hift ni' 
the spectrogram due to motion of the plate h<)hi<*r, or to an error itj 
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adjustment of the slit (i.e., if the slit is not parallel to the refracting edge 
of the prism, thus producing sloping lines in the spectrogram). 

In some types of analysis (see discussion on quantitative analysis) it is 
desirable to have a series of photographs taken at different exposure pe- 
riods. This can be approximated by the use of a step slit, in which the 
step edges of the slit act as diaphragms of d'ifferent aperture (Fig. 3.15). 
Such a slit was designed by Hansen (CoS) in 1924 and applied to a 
spectrograph, Duffendaek (1934) (C44) has described this type of slit in 
a basic patent covering the principles of quantitative emission analysis. 

A similar step slit for direct attachment on a spectrograph with slit 
.steps of 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, and 1.28 mm has been described 
by Scheffer in the catalogs of Franz Schmidt and Haensch (1912 and 
1 929) . This type of slit (Fig. 8.12) enables the observer to compare a series 
of intensity measurements in a single photograph. The same effect can 
be obtained by placing a step sector in front of the slit, or by means of a 
graded density wedge such as can be produced by layers of evaporated 
aluminum of a varying thickness on quartz. It is to be noted that in the 
latter two methods the purity of the spectrum line remains constant, 
while in the step or wedge slit method there may be some error due to 
broadening of the line to include adjacent lines as well as a broadening 
lather than increase in density of the line after a certain density of 
image has been reached. In connection with the quartz plates with 
sputtered or evaporated density pattern it is of interest to call attention 
to quartz plates which have been silvered, and then a fine line of known 
width ruled or cut in the silver so as to produce a slit of known width. 
Such a slit can then be copper plated to yield a very practical slit of 
fixed width. Several such slits can be ruled on the same piece to provide 
a series of variable known slit widths. The slit on the Bausch and Lomb 
small Littrow spectrograph is an example of this. In large instruments 
this quartz plate may produce interference fringes on the lines, which 
can be partially eliminated by a sloping plate or a plate of a slightly 
wedge character. 

Constant-Deviation Spectrometers 

For visual inspection of emission spectra and a study of visual absorp- 
tion spectra, one may use the simple Bunsen spectroscope or the more 
convenient constant-deviation spectrometers (Figs. 3.9a and 3.15). The 
usual constant-deviation spectrometer has a combination 30-90-30° 
prism (Fig. 3.10A), although some instruments are available in the 
Wadsworth mounting (Fig. 3.10/i), ora right -angh^ prism and a grating 
replica (3.100'). In the usual visual spectrometer, the operating drum is 
graduated in millimicrons, and in most instruments a variable ; 





SPECTROGRAPHIC EQUIPMENT 


41 


troscopes and spectrographic equipment. Since in most spectrographic 
laboratories the initial cost of the instrument is small when spread over 
the period of years of usefulness of the instrument, it is worth while to 
consider, in the purchase of an instrument, the quality and performance 



ability of the instrument in addition to any price considerations. It is 
often true that for some exacting spectroscopic studies an expensive 
instrument has in the end proved itself more economical than the lower- 
price instrument. On the other hand, there is a feeling in some laboratories 



Kk;. 3.18. — Monochromator (Bau.sch and I.omlr). 

that the best instrument for any particular purpose will be the most 
expensive. That this is not .so can be seen by the comparison of the 
focal length and lens apertures of the small, medium, and large instru- 
ments of any manufacturer as compared with the price. It may be seen 
that the lens diameter of the 1.5-ineter-focal-length Littrow instrument, 
which is a common size in many makers’ instrument types, has a lens 
which is only slightly larger than the 75-cm Cornu type, which is also a 
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very common size. The latter yields a complete .sjjectnan on n lO-in. 
plate; the former requires four 10-in. plato.s. TIu‘ Idtl row insfruineni has 
a considerably greater dispersion and only a slightly great ei- rf'solving 
power. Its effective aperture will, on the other hand, hr* .smaller, and. 
for the examination of samples involving very minute t raee.^ of material, 
the smaller instrument of greater light-gathering power is to he preferred 
over the larger instrument of greater dispersion. 

For absorption spectra measurements on all typf‘s of solution.'^, the 
medium-sized (7o-cm-focal-length spectrograph immtioned above) .should 



Fig. 3.19. — Photograph from small, niodiuin, atHi l.-irgc* spectrograph, ^liDuiiig fiiangc 
in dispersion. N (iron triphd. at IJIOO.A; fUi'g<'r,}. 


be ample in size. For metallurgical studi(*.s on the element. s of .'^imph' 
spectra, such as copper, brass, aluminum, zinc, and die-east alloys, this 
instrument should also prove quite satisfactory. On the other hand, for 
studies of steel samples, for nickel, chromium. thf)riurn. rare e.arths. .and 
the like, a higher dispersion and resolution is almo.sl tieeess.ary if one 
is to be able to separate the lines sufficiently for the idmt ilieat ion and 
estimation of the amounts of impurities present. 

Dispersion (CJ3/f) 

The efficiency of a spectrograph depends on a number of factor.s, chief 
among which is the dispersion and resolving power. The di.sjjcrsion of 
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any instrument of the spectrometric type is defined as the ratio of the 
change in the deviation of the light beam {dd) to the change in wave- 
length (dX) and is expi'essed by the mathematical form (dd/dX). Disper- 
sion is dependent on the refracting angle and the composition of the 
prism. The composition of the prism, rock salt, glass, quartz, or other 
material, influences the bending of the beam on account of the variation 
of the refractive index of the material as compared with the refractive 
index of air. One may therefore express the dispersion of a prism as a 
function of the angular bending (d) and the variation of the refractive 
index (n) with a change of wavelength (X) in accordance with the 
following equation : 

^ ^ . . 
^ ^ ‘ a 

The ratio of the change of deviation with a change of refractive index 
can be expressed for a 60° prism as 



The remaining part of equation (1) can be determined from the Hartmann 
ff>rmula 


X = 


Xu + 


c 

(a - Ho) 


(3) 


and can be expressed as 

on _ c 

Substitution of equations (2) and (3) in equation ( 1 ) will give the ex- 
pi-ession 


dd 

d\ 



( 4 ) 


d'he values of c, X, X,,, and /t„ can lx* (let(UTiiined if th(‘ redraetive indices 
for three points are, known. Tlu* final expression signifies a certain angular 
separation for any pair of lines of known wavelength separation and is 
ind(q)erid(‘nt of th(' size of the prism or spectrograpli. 


PvKsoLviNG Power 

The revsolving power of a spectroscopic instrument is the ratio l)etweeii 
the avei'age wavelength of a pair of lines that can just be separated, and 
the difference in wavelength })etween these* two line's: 

X 
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For example, in an instrument which could just separate the two Rodiurn 
lines in the D pair this expression would become 
5893 

^ " 5896 - 5890 

It can be shown that 


where t is the base of the prism, and hence, where the refractive index 
wavelength change remains fairly constant, as it does with most prisms, 
the resolution will depend on the prism size and will be independent of 
the focal length or magnification of the final negative. The practical 
resolving power of a spectroscope is always much less than the theoretical 
resolving power {R) since this latter value is dependent on lines and slits 
of extremely narrow finite width. In practice, the following relations 
hold with respect to the slit width, purity (practical resolving power), 
and intensity. The normal slit (slit factor = 1.0) is defined as thf' wiilth 
for which the extreme difference from one edge of the slit to the nearest 
and farthest edges of the collimating lens is (X/8), or as (;xpressf‘d in 
millimeters by multiplying by the factor /X/4D, where / is the focal 
length in millimeters, X the wavelength, and D the effective* (liarneter of 
the lens. The normal slit gives a purity of spectrum {approach to the- 
oretical resolving powder) which is 1.4 per cent less than the maximiun 
possible. If the slit factor is increased to 2.0, nearly doubh* the amount 
of light is transmitted by the slit and the purity drops to 5.7 p(*r c(‘nt 
below the maximum. A gain of three times the light nuian.s a loss of about 
20 per cent of the purity, while a slit factor of 3.67 m(.‘an.s a loss of half 
of the resolving power, and further increase in width deerea.sos t lif' purity 
or resolving power without much gain in intensity. 

Light Sources 

Atoms and molecules are excited by application of energy- in (ho form 
of heat or electricity. Low-temperature excitation is bi'st obtained by a 
flame, producing temperatures from 1000 to 3000° ( For higher tf*mp(>ra- 
tures electric arcs may be used, in which temporaturi's from .3000 to 
6000° C may be obtained, and for still higher temperature's a spark 
source may be used. For gaseous materials an electric discharge' (( leissU'r 
tube) forms the most convenient means of excitation. 

Flame Sources. Excepting for the alkali metals the flame sourc'e- is not 
a very satisfactory method of atomic excitation. The cjualitative' flarne 
testing of unknowns is, however, important, and the use of a dark jmrple 
glass for the test of potassium in the presence of sodium is essentially a 
spectrometric examination in which the colored glass acts as the disper- 
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sion instrument. To avoid a continuous background one needs a nearly 
colorless flame into which the sample may be introduced, either ex- 
ternally, by means of a platinum wire, asbestos-soaked piece, or spray ; 
or internally, by means of an atomizer system in the gas or air line so as 
to pass a spray into the flame, or volatile compounds of the element to 
be tested (Fig. 3.20). The determination of boron by means of methyl 
borate is an example of this last method, namely, the introduction of a 
volatile compound into the flame. 

The disadvantage of a flame source lies in its relatively low tempera- 
ture, and hence its ability to excite only the alkali metals and the lower 
states of the alkaline earths and a few other elements. This disadvantage 
becomes an advantage where it is desired to detect these substances in 
the presence of a large amount of material of higher excitation potential. 
With the alkaline earths and a large 
number of other substances, the 
spectra produced will consist largely 
of diatomic or molecular band spec- 
tra rather than the atomic line spec- 
tra. Copper, in itself, does not color 
the ordinary flame but the halogen 
salts of copper impart a brilliant 
green to the flame color with the 
production of a band spectrum of 
At ordinary flame temperatures the red color produced on the heating 
of strontium nitrate is not due so much to excited strontium as to the 
band spectrum of strontium oxide, and the same is true for the calcium 
and barium flame colors. The flame tests are usually made with the 
halides, owing to the lower volatility and excitation potentials of these 
salts, and identification is often made from a band spectrum rather than 
a line spectrum. The flame tests may also be utilized to identify certain 
anions such as the halogens, which can be identified only with great 
difficulty by the higher excitation methods of atomic spectra. 

Arc Sources. Probably the most widely used and most satisfactory 
method of atomic excitation is the electric arc. Temperatures in the 
(dectric arc range from 1000 to 6000° C, depending on the current density 
and electrode size (Fig. 3.21). The electric arc is a polarized source, and 
henc(' one would expect a high concentration of negatively charged par- 
ticles in the neighborhood of the positive pole and of positively charged 
particles in the neighborhood of the negative pole. Some metals, such as 
iron, tend to form a bead of o.xide at the positive pole (cathode) so that 
it should bo the lower electrode in the direct-current arc. For other 
metals the polarity may not be of great importance, and either polarity 
may be used for the bottom electrode. 



Fig. 3.20. — Lmidegardh atomizer for 
flame spectra of salt solutions (Ao,l/), 

the corresponding copper halide. 
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Por most spectroscopic determinations it is not desirable to use the 
entire arc as a source but rather to focus on the center of the arc., so as 
to avoid the ionic concentrations at the poles and the continuous spectrum 
produced by the incandescent pole pieces. For simple spectrum photo- 
graphs this can be accomplished by focusing the entire image of the arc 
on the spectrum slit, so that the image is about two to three times the 
length of the desired slit height, and inserting a wedge or Hartmann 
diaphragm in front of the slit to cut off the unw’-anted ends of the arc 
image. For purposes of alignment in both arc and spark apparatus it is 
advisable to have an optical bench with fixed electrode positions, and a 



luci. 3.21. — Relation between gap length and relative temperature, s iu a earboii arc 
{a, b, e). 

Cupped carbon for analysis sample (d). 

secondary lens system (L 4 ) to focus the source on a te.st screen ( Fig. :i .3 ). 
The purpose of the secondary lens and screen is to pei-rnit a rapid ad- 
justment and alignment of the arc or spark source, since tlie ojfiical path 
of the spectrograph and light source may be set in line with the secondary 
lens and screen. Numerous types of arc and spark holders are available 
on the market, between which there is little difference in regard to method 
of use (Figs. 3.22 and 3.23). Most arc holders are sufficiently well in- 
sulated thermally and electrically to be used for either arc; or spark 
determinations. The ideal arc holder should be independently adjustable 
in a direction parallel with the slit and perpendicular to the optical path, 
and perpendicular to the slit and perpendicular to the optical path. It 
should be adjustable in a direction parallel with the opti(;al path, al- 
though this IS not essential, and any such desired adjustment could be 
made by a change in the focal position of the lens (Lj). For the produc;- 
tion of a mixed spectrum from two different materials, such as nickel and 
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iron, it is essential to set the electrodes in a hoi-izontal position (per- 
pendicular to the slit) rather than parallel with the slit. Such an adjust- 
ment is provided in the arc holder illustrated in Fig. 3.22. The arc 
holders should be capable of taking yi- to ^-inch rods directly, as well 
as smaller rods or wires, and, in addition, spring clips should be available 



Fig. 3.22. — Arc and spark electrode holder on optical bench. Arc holder has been 
reversed on optical bench to show construction. Both lens holder and arc holder have 
a similar base with a locking screw to clamp to optical bench (lower disk) and a side- 
wise motion screw (upper disk). Arc holder has a vertical motion ring adjustment 
(above locking lever). The threaded shaft has a keyed slot to keep arc in alignment. 
An insulated knob operates a rack and pinion adjustment of arc or spark width. 
Electrode clamps are insulated for spark use and constructed with cooling fins fur arc 
use. Material may be used in rod form or held by spring clips. 

for these holders so as to permit the use of small or irregularly shaped 
samples. 

Carbon Electrodes. F()i“ noumctallic-iioneouducting samples it is neces- 
sary to have a conducting electrode such as carbon and to introduce tin- 
sample in small pieces or powder form into a cored portion of the lower 
(positive) electrode. For such analyses the carbon electrode need not be 
over an inch long, and the cored recess, which can be produced by a 
machine drill, should be about 4 or o mm deep (Fig. 3.2 Id). It is recom- 
mended that solid electrodes greater than 'd' inch should not be used for 
arc measurements unless a high current density is also essential. Good 




Fig. 3.2Sh . — Arc and spark holders (Barisch and Lomb) 
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carbon electrodes, free from nearly all impurity elements, can be obtained 
from the National Carbon Company. These are known as Acheson spec- 
troscopic carbons. A still purer form of carbon electrode can be obtained 
from the same company, from the Dow Chemical Company, or from the 
Speer Company. These high-purity carbon electrodes are free from even 
spectroscopic traces of most impurity elements. This extra degree of 
purification increases the cost of the electrode (1 inch by inch) from 
about one cent to about ten cents (assuming that a number of 12-inch 
rods are purchased by the user at one time and cut to the inch size), but 
it is often worth, the added cost when the elements under investigation 
may be impurity elements in the spectroscopic carbons. For many pur- 
poses, however, the lower-priced electrodes will be found to be quite 
satisfactory. 

Arc Spectra of Solutions. Special technique may be necessar}^ in the 
examination of the arc or spark spectrum of solutions. In the examination 
of solutions, it has been suggested that the solution be allowed to drop 
slowly into a cored receptacle of a hot (about 105® C) electrode (Cl 00). 
.After evaporation the electrode ma}^ be arcked in the usual manner. If 
there seems to be a tendency for the liquid to diffuse through the elec- 
trode instead of evaporating in the cup, a drop of kerosene maj^ be 
introduced into the cup before the above evaporation procedure in order 
to I’educe the penetration into the electrode of the aqueous solution. 

Heterogeneo us Samples. If the sample to be e.vamined is a heterogeneous 
material, such as a composite mixture of turnings from a large number of 
pieces, in which an average analysis is desired, it may be necessary to 
usf‘ a larger sample holder, such as a metal plate or cup, and to burn the 
are forsome time to obtain an average sample In such cases the light 

intensity can be reduced on the slit by means of a diaphragm at the 
focusing lens or by the entire elimination of a focusing lens between the 
arc and slit. In place of a diaphi’agm, absorbing wire screens or a rotating 
sector may be used to allow greater sampling from the arc with a given 
])hotogra}ihic exposure. In most spectrographs, diaphragms are also pro- 
vided at the lens (Li) adjacent to the prism (focusing lens), and these 
will have the same effect on the photographic intensity as diaphragming 
the slit lens. 

Shidter M echanism. In the prelimiiiaiy adjustment of the light source 
it is desirable to be al^le to focus on the slit and obsei-ve the arc position 
with regard to the slit opening, before any exposure has been made. For 
this reason it is essential that the instrument be equipped with a shutter 
mechanism between the slit and the plate. (The use of the dark slide of 
the plate holder for this purpose is iinsatisfaetoiy in that it requii'es 



50 


EMISSION SPECTRA (APPARATUS) 


considerable manipulation and may result in a lateral motion ol the 
plate between spectrum photographs.) 

Electrical Circidi. The electrical circuit for an arc source is indicated 
in Fig. 3.24. It is assumed that there is available a d-c supply of at least 
110 volts, and a higher voltage is often of some advantage since it will 
permit an easier control. The electrical circuit should have an ammeter 
in series with the supply, and a voltmeter attached to the leads to the 
electrodes so as to record the voltage drop across the electrodes. A resist- 
ance (R) and inductance (L) should be included in the circuit. The 



Fin. 3.24. — Electi-iciil circuit for an arc source. 

Fin. 3.25. — Rectifier for arc; .sourrie, conv^erte 11. 5- volt alternatiuK curreut t(j 00- volt 
5-ampere direct current (Raytheon Manufacturing Oumi)aiiyj. 


resistance should be of an adjustable slide-wire type and capable of 
carrying a load of 10 amperes at 12 ohms resistance. The inductances 
will steady the arc and maintain a more constant voltage. For most cur- 
rent supply, the primary of a 1-kva transformer, in which thc^ .S(‘condary 
windings have been shorted, will act as a very satisfactory imlu(;taiic('. 

In laboratories where direct current is not available through a buttery, 
converter, or power supply, or w^here the arc would prove too much of a 
drain on the battery system, it is suggested that a portabki I'ectifier 
(Fig. 3.25) be used. This special type of rectifier is designed for supi)lying 
current to a J4“inch electrode arc and is built with a curi'ont-limitirig 
transformer so that an external ballast or inductance is not necessary. 
The model illustrated supplies 5 amperes at 60 volts direct current and 
operates from 115 volts alternating current. 

Duffendack, Owens, Wolfe, and others have suggested the use of a high- 
voltage alternating current arc for spectroscopic illumination (CJ7) and 
have claimed many advantages in reduction of background, low heating 
effect of electrodes, and small sample requirements, a.s well as certain 
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excitation advantages resulting from the higher voltage. The use of this 
high-voltage (2000 volts) a-c arc involves some possible experimental 
hazard, and it is not advised for open classroom work. For industrial or 
routine analysis by competent observers there should be no great danger 
if proper precautions are maintained. The arc holder itself (Fig. 3.26) 



Fig. 3.26.^ — High voltage a-c arc holder. A, A are spring clamps for liolding the 
electrodes; B, B are Bakelite insulators; and C is a screw of 0.5-inm pitch which may 
Ije turned by the insulated handle, D. The lower electrode can be adjusted in position 
by sliding it on the uprights, and the upper electrode is set by means of the screw. 
The arc stand is enclosed in a cage to protect the operator from the 2200-volt circuit 
which maintains the arc. (Duffendack and Wolfe [C^o].) 

has been designed for rapid analysis procedure with electrodes of uni- 
form length which are inserted into the lower electrode so that the height 
of the electrode will always be at the center of the optical path. The top 
electrode is lield in a screw and friction clamp so that it may lie screwed 
down to contact with the lower elect rode by means of the insulated 
handle. Continued screwing down on the handle will mendy cause the 
electrode to slide in the friction part of its holder, but on reversing the 
screw motion the electrodes will immediately start to separate. Since the 
pitch of the screw is in millimeters, it is possible to screw the electrode 
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down to the sample electrode and continue until the handle reaches a 
given mark and then, reversing the direction to one half or one revolu- 
tion, thus to produce a gap of or 1 mm. While in normal arc sources 
the gap will be from 5 to 10 mm or even greater, this type of a-c arc will 
be found to operate best at a gap width of 34 to rnrn. 




Fig. 3.27.— Electrical circuit for aspai'k source. Tesla spark indicated iu A' — B' circuit. 


Spark Sources. The nature of the electric spark is largely determined 
by the resonance system which can be set up between the condenser and 
inductance circuits, the usual source being that indicated in the diagram 
(Tig. 3.27), in which the capacity of the condenser (C) and the inductance 
of the coil (L) can be adjusted to yield the proper wave form or resonaiicf' 



Fig. 3.28. — Speetrographic arrangement for spark analy.si.s, .showing spaik gencnitor, 
spark holder stand, condensing lenses, and medium .spectrograph ('Zeiss). 


to the spark (Fig. 3.28). The variation of the spark conditions will yield 
what is known as a condensed or uncondensed spark, the two types bfdng 
quite different in the intensities of spectral lines produced. The ole'ct rodes 
for spark analysis should, if possible, be pointed so as to keep thh spark 
from wandering out of the optical path, and the gap should he from 3 to 
6 mm in length, depending on the circuit conditions and the size of 
image desired on the spectrum slit. 

The condensed spark will be more intense than the uncoiidensed 
spark, hut will also have a great many more air lines, due to nitrogen 
and oxygen- The self-inductance in the secondary circuit will materially 
reduce the intensity of these air lines. The self-inductance is an open coil 
with adjustable taps to provide for various induction values. The action 
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of the self -inductance, like that of the arc circuit, is to prevent sparking 
at the first surge of current and maintain the spark as the current drops 
so as to provide a steadier and more uniform spark (Fig. 3.29). The self- 



Fig. 3.29. — Oscillatory nature of a spark discharge (a) without induction and (h) with 
induction. 

inductance will reduce to a slight e.vtent the intensity of light emitted 
but will set up a more uniform oscillating system. The frequency of this 
oscillating spark may be expressed as 
= 1 
” ~ 27rv'XC 

where n = oscillations per second; L, the self-inductance in henrys; and 
(\ the capacity in microfarads. For a spark using a secondary voltage 
of 10,000 to 15,000 volts, a capacitance of 0.005 microfarad and induct- 
ance with a range of 0.02 to 1.5 millihenrys will be quite satisfactoiw. 
The self-inductance may easily be constructed as an open coil wound 
on a glass or insulating cylinder about 4 to 5 cm in diameter and with 
50 to 100 turns spaced about 2 mm apart. 

Comparison, of Arc and Spark Sources. It is difficult to say which 
method of excitation is to be preferred, the arc or the spark, the choice 
being largely dependent on the available power supply, the character 
and the amount of the sample, and the type of lines which are desired. 
For low-melting substances, such as lead and tin alloys, Wood’s metal, 
and similar j^roducts, the spark is to be preferred on account of the 
temperature conditions of the arc. The spark realh^ involves a much 
higher atomic temperature than the arc, but a lower electrode tempera- 
ture. For such low-melting substances an arc method can be used, but 
it may require intermittent exposures with cooling of the electrode, or 
the use of a carbon arc to hold the low-melting material while arcking. 
The spark is relatively free from the continuous background found in the 



54 


EMISSION SPT-:C;TRA (APPARATUS) 


carbon arc (CN bands) between 3200 and 4200 A (Fig. 3.30). The spark 
is better suited to the analysis of a minute amount of material or to the 

Mratali Tiiir 5 

Fig. 3.30.— Comparison of arc (A) and spark (S) spectra of iron N. 

analysis of a spot on a larger metallic surface without disturbing the 
I'emaining surface. On the other hand, the arc is usually better suited 
where a large amount of material is available 
but the concentration of the element sought 
is low. In other words, it is more difficult to 
burn up or sample an electrode by the spark 
method. Solutions lend themselves more read- 
ily to direct spark analysis since the elec- 
trode temperature is relatively low. The solu- 
tion may be introduced directly into the spark 
through a separate tube (Fig. 3.31), it may 
be sprayed into the spark, or it may involve 
the use of the solution, if an electrolyte, as 
one of the electrodes. Then carbon, gold, or 
some inert metal with a relatively small 
number of lines may serve as the other 
electrode. 

A laboratory equipped for spectrum 
analysis should have available both arc and 
spark methods so that one method can 
supplement the other. 

Gaseous Discharge Source {Geissler Tube). 
For the detection of the rare gases, He, A, 
Kr, Ne, Xe, as well as H, 0, N, S, and certain 
Fig. 3.31.— Spark ar- molecular combinations, it is desirable to have 

rangement for solutions available a discharge tube which can be filled 

showing electrodes, E:il- , , . , , 

lumination opening in glass a gas at a low pressure. At low pressures, 

shield, 0; and quartz jet, gases may be excited either by electrode or 

Twyman electrodeless discharge of a high-voltagi' 

current (a 30-milliampere 5000-volt neon 
sign transformer is ideal for this purpose) to 
produce a characteristic high-voltage spark spectrum. In view of the fact 
that the intensity characteristics of the spectrum are markedly influenced 
by the excitation potentials of the elements present, it is difficult to apply 
quantitative or even qualitative analysis methods to gases. For example, 
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Fig. 3.34. — Sodium vapor lamp (General Electric Vapor Lamp Company) 


% 



. 3.35. — ^Transmission, curves of monochromatic mercury lamp filters. 

(1) Corning “G 586 A,” 3.20 mm. 

(2) “Noviol A,” 2.00 mm. “G 585,” 4.62 mm. 

(3) ” '‘G555 P,” 8.5 mm 4- “G 34,” 2.25 mm. 

(4) ” “G.36” 
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range desired and element contained. In recent years a number of these 
discharge lamps of a low-voltage, self-starting type have been developed 
(Fig. 3.36) which are very convenient as permanent laboratory standard 
lamps for the recording on the spectrogram of calibration lines much as 
the iron arc is used. In the red portion of the visible spectrum the number 
of iron lines is limited and the accepted secondary standard.s in this region 



(D ARC TUBE 
($) STARTING ELECTRODE 
OUTER 8UUB 
SCREW BASE - IS«4 
(g) TOP SUPPORT 

STARTING RESISTOR 
MAIN ELECTRODES 

Fig. 3.36. — Mercury vapor 
lamp (Westiughouse;. 

include a number of neon lines. It is possible to fit adjacent to the slit 
of the spectrograph a small right-angle prism, covering only a portion 
of the slit, or fitted to swing into position when desired, so as to record 
from a permanent discharge tube attachment the comparison spectra 
without disturbing the equipment in the direct optical path of the spec- 
trograph or spectroscope. With mercury discharge tubes (Figs. 3.33 
and 3.36 one ma}^ interpose special filters to absorb the radiation from all 
the lines except one and thus produce a very good monochromatic light 
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source (Fig. 3.35). Having a set of these filters, one may dispense with 
a spectrometer in making a series of spectrophotometric measurements 
at the various mercury-line wavelength values. 
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CHAPTER IV 


QUALITATIVE ANALYSIS, SPECTRUM TABLES, AND 
STANDARD SAMPLES 

The application of spectroscopic methads to qualitative analysis dates 
•from the work of Bunsen and ICirchhoff and other early investigators 
in the field of spectroscopy. The discovery that an element produced a 
eharacteiistie spectrum quite naturally led to the idea that the same 
spectrum produced from an unknown was the result of the presence of 
that element in the unknown. Qualitative analysis was thus possible not 
only of substances immediately available to the chemist but also of any 
self-radiating body such as the sun or stars. The great developments in 
astrophysics have been largely the result of study of the spectra of 
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G. 4. k.— Astronomical spectra, flash spectrum of the sun’s chromosphere. P. 
(Taken by Menzel, Boyce, Erode, et al, Harvard Observatory-Massachusetts Insti- 
tute of Technology Eclipse of the Sun Expedition to Siberia, Ak Biilak, Kazahkstan, 
U.S.S.K,., 1936.) (Note the Balmer hydrogen series and the ring corona line.) A, third 
contact; B, second contact (inverted; . 

stellar bodies. The temperatures, mass, distance, speed of travel, di- 
rection of rotation of eclipsing pairs, and many other important facts, 
as well as the chemical composition of the radiating body, are determin- 
able from spectroscopic data (Fig. 4.1). 
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As lias been indicated in the discussion on the theory of line spectra 
(Chapter II), each element may be expected to give a large number of 
spectral lines, corresponding to the permitted electron jumps between 
various states and quantum values. In some elements such as hydrogen, 


K H 0 



Fro. 4.16. — Astronomical spectra, Fraunhofer lines in the sun spectrum (Mount 
Wilson Observatory, Carnegie Institution of Washington). N. 

sodiuih, copper, and mercury, one may expect a rather simple pattern 
of singlet, doublet, and triplet systems; but in other elements, such as 
iron, tungsten, and molybdenum, one finds a very complicated set of 



Fig. 4.1c. — Astronomical spectra, Widened prismatic coude spectra of stars of 
different spectral types. (Region 4300 to 4600 A.) N. (Mount Wilson Observatory- 
Camegie Institution of Washington.) 


sextets, septets, and octets, and on account of this multiplicity there 
are a large number of lines. It is quite easy, then, to identify the spec- 
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trum of a pure sample of any substance, and it is also quite easy to 
identify the constituent elements of mixtures of substances of simple 
spectra (Fig. 4.2). 

Sta^n-dabd Lines 

The actual procedure in the identification of a pure substance may 
be that of comparison of spectra with a known pure sample of the same 



Fig. 4.2. — Typical Spectrograms. P. 

l.Tin. 2. Wood’s metal. 3. Cadmium. 4. Zinc. 5. Molybdenum. 6. Nickel- 7. Copper. 
8. Iron. 9. Aluminum bronze. 


or suspected material, or one may measure the wavelength values of the 
observed lines and compare the measurements with the recorded data 
on known elements. The process of measuring the wavelength of a spec- 
trum line may be accomplished by: (a) means of an interferometer and 
measurement directly of the wavelength of the line, (b) measurement 
of the relative position of the line between two known lines and inter- 
polating the wavelength position, (c) the use of a wavelength scale 
which has been calibrated with the instrument and is photographically 
reproduced on the plate or visually observable in a direct observation, 
or (d) the superposition of a known spectrum with identified element 
lines either by projection of the spectrum or photographic recording in 
juxtaposition. 

The measurement of lines by an interferometer method is very difficult 
and quite unnecessary for the identification of the wavelength of un- 
known lines in a qualitative analysis. The method is used, however, for 
the determination of the wavelength of a series of lines throughout the 
spectrum which are known as the primary and secondary standards. 
The primary standard has been chosen as the red line of cadmium which 
appears even in high resolution to be a single line. The wavelength of 
this line has been agreed upon as 6438.4696 A in dry air at 15° C and 
760 mm pressure, the radiation being produced in a vacuum tube with 
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electrodes. The selection and approval of such standards have been 
largely the work of astronomers and spectroscopists connected with the 
former International Union for Cooperation in Solar Research and the 
present International Astronomical Union, through a committee which 
is now headed by Dr. W. F. Meggers of the United States Bureau of 
Standards. The angstrom instead of being defined as 10~’® meter is now 
more accurately defined as l/6438.4h96 of the wavelength of the cad- 
mium red line. The accuracy of this determination is about 1 part in 
10,000,000. For all practical purposes and for ease in indication, the 
angstrom may still be considered as equivalent to meter. 

A group of lines, for which three independent observers have obtained 
concordant results through interferometric measurement, have been ac- 
cepted as the secondary standards (Table IT, lines indicated by 
and from these another set of lines has been measured by a process of 
interpolation, this latter set being known as tertiary standards (Table 
IV, lines indicated by Nearly all the secondary and tertiary lines 
are iron lines. Iron has been used extensively as a spectrographic stand- 
ard because of the ease in obtaining pure samples, and also because it 
has a very large number of lines within the photographic ranges and the 
solar spectrum region (5500-3700 A). With an extension of the photo- 
graphic methods in both the infrared and ultraviolet regions, it has 
been found necessary to include other element lines such as neon and 
copper, to cover those parts of the spectrum where iron fails to give a 
sufficient number of lines. 

These secondary standards do not supply a sufficient number of lines 
for convenient and accurate determination of the wavelength of un- 
known lines, and hence additional standards are often determined and 
accepted. (See the Proceedings of the International Astronomical Union 
for the Stockholm meeting, August, 1938, for additional accepted sec- 
ondary and tertiary standards.) Tertiary standards are determined by 
accurate interpolation measurements between the known or secondary 
standard lines. 

Following the work of Bunsen and Kirchhoff, Angstrom measured ac- 
curately with three different gratings the wavelength values of the lines 
in the sun spectrum (Fraunhofer lines), and his assistant Thalen meas- 
ured the principal lines of the then known metallic elements (44) .Owing 
to an erroneous measurement of the length of the meter at Upsala as 
compared with the Paris meter, his values were found to be in error and 
he and his assistant corrected the original calculations so that the final 
work marked the first accurate reference map and element tabulation 
for spectrographic analysis. Cornu, in 1874-1880, published an extension 
of the Angstrom solar map by a photographic method to include the 
near ultraviolet region. Other important contributions to the field of 
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spectroscopy a,nd the extension of the spectral data beyond the visible 
regions were made by William Herschel, John Herschel, and Langley. 

A definite improvement in accuracy was made in the solar spectrum 
map which was produced by Rowland through the use of gratings which 
he prepared. As the standard wavelength for his determinations, Row- 
land accepted the value 5895.156 A for the sodium D line, a value which 
was the mean of a nnmher of workers’ observations, and which he felt, 
if ever shown to be in error, would require only a uniform correction of 
his data. TJnfortunately, Rowland’s data, although the most accurately 
determined material of its kind, had a periodic error which is greater 
than the experimental error with our improved present-day technique. 
Rowland’s data have heen corrected by members of the Mount Wilson 
Observatory Staff and published by the Carnegie Institution of Wash- 
ington (ASS). 

In 1894, Michelson, by means of an interferometer, determined ac- 
curately the wavelength values of three of the cadmium lines in the red, 
green, and blue portions of the spectrum and showed that these values 
did not agree with the Rowland map values within the limits of experi- 
mental error. The accuracy of interferometric measurements leaves no 
.doubt but that measurements by this method are more acceptable than 
those made from calculation of grating space and relative dispersion. 
In view of the accuracy of the Michelson and the Pabry and Perot 
interferometric determinations on the red cadmium line, it has been 
agreed that this line shall be used as the primary spectroscopic standard. 
The accuracy of determination of this value is about 1 part in 10,000,000, 
which is comparable with that of the measurement of the standard meter. 
The accepted value of 6438.4696 A for the cadmium red line also be- 
comes the definition of the angstrom, in terms of the wavelength of this 
line. 

Tablks of Spectrum Links Arranged by 
Elements or Wavelength 

The available lists of spectrum lines may be separated into two groups ; 
those of a more condensed nature (I), and those which have attempted 
to cover all data of a known accuracy (11). 

1. Condensed Spectrum Line Tables* 

1. ‘^Wavelength Tables for Spectrum Analysis” by F. Twyman and D. M. 
Smith. These tables include (a) the distinctive line,s in the spark spectra by 

*See the Bibliography Cpp. 315-325) for complete publication data on these and 
other references. The Bibliography is divided into three parts; A, Theory of spectra and 
emission analTjsis; B, Absorption spectra; and C, Research publications and journal 
articles. In each, of these divisions the references are arranged in alphabetical order. 
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Hartley, Pollok, aud Leonard; (&) the raies ultimes by de Grainont ; (c) the Beusi- 
tive lines by Ryde and Jenkins; and (d) the flame spectra lines by Lundegardh 
(1931) {A71). 

2. “Atlas der letzen Linien der -wdchtigsten Elemente” by F. Lowe. A table 
of the persistent spark spectrum lines of the more important elements (1928) 
{A50). 

3. “ Tabelle der Hauptlinien der Linienspektra aller Elemente by H. Kayser. 
A table of 19,000 lines representing 91 elements, arranged according to wave- 
length, a standard work for qualitative identification of arc and sj^ark linos 
with intensities given on a 0 to 10 scale. The best available condensed spectrum 
line table (1926) {Al^l). 

4. “Visual Lines for Spectrum Analysis” by D. M. Smith (1928) {A(>4). 

0 . “Table of Arc Spectrum Lines Arranged in Order of Wavelength ” (1933) 
{AlO), and “Metallurgical Spectrum Analysis” by W. J. Crook (I93o) (A!)). 

6. “Die Spektren der Elemente bei normalem Druck,” Vol. 1, by F. Exner 
and E. Haschek (1911), 

7. “Emission Spectra of Elementary Substances” by H. Kuystu. (In Vol. 6, 
pp. 276-322, of the “International Critical Tables” [1929] and also in the 
“Handbook of Chemistry and Physics” [1938].) A selected list of lines f)f 83 
elements, arranged according to elements, giving arc and spark lines on an 
intensity scale of 1 to 10 iAB2, ASS). 

8. “Wavelength of the Principal Lines in the Emission Spectra of the Ele- 
ments” by J. A. Hannum. (In “Handbook of Chemistry” edited by N. A. 
Lange, pp, 863-887 [1937] {A2S].) 

9. “Chemische Spektral analyse” by G. Scheibe. (In “Physikalische IMethoden 
der analytischen Chemie” edited by W. Bottger, pp. 66-92 [1933].) A table of 
the principal lines of 62 elements, arranged according to wavelength, giving 
arc, spark, and flame lines on an intensity scale of 1 to 10 {A 50). 

10. “Tabellen zur qualitativen Analyse” by W. Gerlach and E. Riedl. (Vol. 
Ill of “Die chemische Emissionsspektralanalyse ” by Gerlach [1936].) A ta})le 
of the principal lines of 57 elements, arranged according to elements, with 
recommended control lines and possible interfering lines (AlO). 

11. The spectrum tables in this book, pp. 332 to 434, which have been selected 
from the above and other sources. These tables include the principal lines of 
66 elements, arranged according to elements, gi\ing arc and spark lines on an 
intensity scale of 1 to 10, and a table of the principal lines of 67 olememts ar- 
ranged according to wavelength, giving arc lines on an intensity scale of 2 to 4, 
5 to 7, and S to 10, 

12. “Wavelength Tables of 100,000 Spectrum Lines” by G. R. Harri.son. 
A table of 100,000 lines from 2000 to 10,000 A arranged according to wave- 
length. From the Spectroscopy Laboratory of the Massachusetts Institute of 
Technology with the assistance of the Works Progress Administration. To be 
published in 1939 (A27}. 

13. “Residual Arc Spectra” by W. F. Meggers and B. F. Scribner (CSA). 
Tables of 50 to 60 elements giving the sensitive lines in an arc source (unpub- 
lished data compiled at the Bureau of Standards) . 
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11. Extended Spectrum-, Line Tables and Critical Compilatioju of Emission 
Spectrum Data 

14. “Handbuch der Spektroscopie” by Kayser. Volumes 5 (1910), 6 (1912), 
7 (1934), and 8 (1932) contain, the most complete collected data on wavelength 
and intensity values of spectrum lines. The work is still quite incomplete as 
no data for 40 elements (from Nd to Zr) have been published since 1911 {A 40 ). 

15. “ Die Spektren der Elemente bei normalem Druck by Exner and Hasehek 
(1911), Vols. II and III. The spectra of 77 elements, arranged according to 
elements, giving over 120,000 lines in arc and spark spectra on an intensity 
scale of 1 to 1000. (Wavelength values based on the Rowland scale.) 

16. ‘'Tables annueUes de constantes et donndes numdriques,” Section of 
emission spectra in Vols. I to XII (covering the literature from 1910 to 1936) 
giving about 800 pages of collected data (A 68 ). 

17: “ Physikalische-Chemische Tabellen,” Landolt-Bornstein, edited by W. A. 
Roth and K. Scheel, 5th edition (1923) and three supplementary editions cov- 
ering the literature to 1934. These tables include an extended section on emis- 
sion spectra and line spectra term analj^sis (A 46 ) . 

Inasmuch as the data recorded in all these tables tend to become 
identical in character, the choice of the table to use will depend largely 
on the accuracy with vhich the anatysis is to be made. The best pub- 
lished collections available at this time (1938) are the Kayser-Konen 
“Handbuch' der Spektroscopie” (14) for the wavelength spectra accord- 
ing to elements, and the Kayser “Hauptlinien” tables (3) for the elements 
arranged according to wavelength. For most analytical purposes, how- 
ever, the tables available in the chemical handbooks (7 and 8), the 
Twyman and Smith tables (1), the Scheibe tables (9), or the tables in 
this book (11) should be adequate. The publication of Harrison’s 100,009 
principal lines table (12) should provide an improvement over any of 
the available spectrum tables. 

Photographic Tables anjo Charts 

In addition to the numerical tables which have been described, a 
number of photographic tables are available. These may be divided into 
two types in accordance with their character or method of presentation. 

III. Spectrograms of Elements 
(Separate photographs of the spectrum of each element) 

This form of presentation ■would correspond to the arrangement of line 
spectrum tabular data in accordance with the elements. 

18. Eder, J. M., and Valenta, E., “Atlas tjqrischer Spektren’’ (1911). Tables 
of flame, arc, and spark spectra N taken with glass prism, quartz prism, and 
grating. Includes 53 cards (12 bj' 16 inches) with 12 spectrograms on each 
card {All), 
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19. Gatterer, A., and Junkes, J., “Atlas der Eestliiiien ’’ (1937). Tables of 
the principal lines of 50 elements and 28 photographic charts (12 by 10 inches) 
with 6 spectrograms per chart. Photographs taken with prism dispersion in- 
cluding arc and spark spectrograms from 2200 to 8000 AN {A17). 

19a. Gatterer, A., and Junkes, J., “Arc spectrum of Iron from 8388 to 2242 A” 
with “Spark spectrum of Iron from 4650 to 2242 A” (1935). A set of 21 photo- 
graphic charts (7 by 9.5 inches) taken with prism dispersion N {A 17 a). 

20. Hilger, Spectrogram of Iron. A set of mounted photographic copies of a 
prism dispersion iron spectrogram P with the wavelength positions of the 
lines indicated. Eight cards (8 by 14 inches) (new edition 1937) (Fig. 4.3a) {ASO) . 



Fig. 4.3a. — Iron spectrum chart (Hilger), P. Prism dispersion {A SO). Portion of 
series of 8 charts. Illustration shows one third of a chart reduced to half sciile. 


21. Hilger, Spectrogram of Copper. An enlarged spectrogram of copper from 
2043 to 5782 A. Three cards (6 by 14 inches) P (ASl). 

22. Hilger, Spectrogram of Neon. Enlarged .spectrogram on a i-ard (5 by 8 
inches) showing 20 lines from 5850 to 7032 A P {A32). 

23. Hilger, Spectrogram of Helium. Enlarged spectrogram on a card (4 by 12 
inches) showing 19 lines between 3610 and 7282 A P {A33). 

24. A privately printed iron arc spectrum chart by Professor G. R. Hanison 
comprising 18 cards (each 20 inches in length) prepared by direct printing from 
spectrograms made on a 10-meter focal length, 30,000-line grating, is especially 
valuable for workers using higher orders of grating instruments since it charts 
three overlapping orders N {A28). 

IV. Composite Spectrogram of Elements 

This form of presentation is subdivided into two types: a, spectrograms ob- 
tained from a mixed source; and 6, indicated positions on an iron spectrum oi' 
scale as to where element lines would appear if present. 
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a. Spectrograms from a mixed source 

25. Hilger, Spectrogram of R. U. Powder. A set of 7 enlarged photographs P 
of the spectrogram (prism dispersion) of a sample of E. U, (raies ultimes) 
powder with the identified principal lines of 50 elements (Fig. 4.36) {A34). 


»A»C 

Fe 

R .U. 


Fig. 4.3fe. — Portion of one of the Hilger Raies Ultimes charts. Spectra of the 
principal, lines of most of the common elements (A 54). P. A series of 7 charts. 
Illustration shows one third of a chart reduced to half scale. 

26. Rowland and others, Tables and charts of the lines in the sun spec- 
trum, revised (1928) by members of the staff of the Mount Wilson Observatory, 
Carnegie Institution of Washington {AS8). 

b. Iron spectrograms toith indicated positions of other elements 

27. Scheibe, G., and Linstrom, C. F., "Tabellen des Funken- und Bogen- 
spektnims des Eisens zur Wellenlangenbestimmung bei der technischen Emis- 
sions-Spektralanalyse’^ (1933). Tables of wavelengths of spectrum lines from 
2300 to 3700 A with spectrum charts of arc and spark spectra (A5J) . 

28. Bardet, J., “Atlas de .spectres d’arc" (1926). Charts of persistent lines 
with an iron reference spectrum arranged according to (A) wavelength, and 
(S) important elements. Includes 54 charts (7 by 9)/^ inches) with the iron 
spectrum (prism dispersion) reproduced from 2500 to 3500 A N {Alf). 

29. Crook, W. J., “Metallurgical Spectrum Analysis.” Tables and charts of 
the iron spectrum. Includes 24 charts (11 by 14 inches) with iron spectrum 
(grating dispersion) N with indicated positions of the principal lines of other 
metallic elements (2800 to 3500 A and 5000 to 5670 A), a separate iron spectrum 
P covering the same range, and tables of the principal lines of other elements 
within these spectral limits (Fig. 4.4) {A9 ) . 

30. Erode, W. R., A set of 35 charts (7 by 9 inches) with the iron arc spectrum 
reproduced P from 2300 to 5000 A. The positions of the principal lines of 
other elements are indicated, Plates II to XXXVI in this book (Fig. 4.5). 

Continued use of charts of both prismatic and grating origin indicates 
that it is not at all impossible to use prismatic charts with grating spec- 
trograms, or vice versa, for the purpose of identifying lines, although it 
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must be admitted that the identification is easier when the chart and 
spectrogram are produced by the same dispersion method. 

The available charts which correspond to the numerical tabulation 
of lines of all elements arranged according to wavelength, rather than 
those arranged according to elements, are of two types: those showing 
the principal lines of a lai'ge number of elements, and those showing only 
the iron spectrum and the indicated position where the principal lines 
of elements would be if they were present in the spectrum. The use of 
iron in this way essentially constitutes a very finely divided though some- 
w’hat irregular scale which can be impressed or printed in juxtaposition 
to, or partially overlapping, the unknown spectrum, and thus serves to 
locate the position of unknown lines. 



iho. 4-.4.— Iron-unknown spectrum chart (Crook). N. Grating dispersion (A 10). 
Portion of series of 20 charts. Illustration shows one half of a chart reduced to one 
third scale. 

^ The selection of the lines to appear in charts of the first type which 
give only a few lines of all the elements is dependent on a principle pro- 
posed by de Gramont, known as the raies ultimes, which will be discussed 
later in this chapter, but for the moment we may accept these as the most 
persistent lines of the various elements which are included. An excellent 
chart of this type, known as the raies ultimes chart (25) , is available 
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(5) 3067.3 
(4; 3068.2 


(5) 3075.7 
(3) 3078.0 
13) 3078.4 


(4) 3083.8 



(5) 3 I 1 6.6 
(4) 3 1 1 9.5 
(4) 3 120.4 

(6) 3 125.7 
(4) 3 126.2 

(4) 3 129,3 

(2) 3 132.5 

(5) 3 134.1 


-3063-4 Cu(7) 3064.3 


3069.2 Ta(5) 

—^3071.6 BaCSR) 
'"'^3072.1 Zn(l0RV 

3075.9 Zn(8R) 

3078.6 Ti (9) 

3080.8 Cdfs) 

=-3082.1 GdUO) 
^3082.2 Al (I OR) 

3086.8 C0C6R) 

3088.0 Ti (10) 

3091.1 MgfeR) 

✓3092.7 aTOOR) 


AIf4) 

Pt(6R) 

Rhfe) 

Bi (9R) 


'3072.0 Cofs) 


=i8i« 

iilla*!"' 

31 00.5 Gd(9) . 3 101 6 


•3092 9 Al C6R) 
Mg(8R) 


3 103.3 
3 103 8 


__^3 I 05.5 Ni (5) 

3 I 06.6 Zr C6) 

3 108.6 Cu(8) 

3 I 1 0.7 V (8) 

3 I 12. 1 rv1o(5) 

3 I 14. I Ni (6) 

^ I 16.3 Cu(7) 

_/3 I 18.4 V (lOR) 

— -3 I 18.7 Crf3) 

3 I 20.4 Or (4) 

3 121. 8 Rh{5) 

3 123.7 Rh (5) 

r.r '49 -9 


NiC9R) 
Ni (9R) 
Tate) 
Ti (6) 



-3 132.6 MoClOF^ g 131.6 
^3 133.5 Zrte) 'I' - f ' 
3 134.1 NiOOR)^ 

— r3 138.7 Zrte) 

■~^3 139.4 PtCS) 


Fig. 4.5.— Chart for spectral analysis with iron compaiison (Brode). P. (See Plates 
11 to XXXVI in this book for complete series.) 
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from Adam Hilger, and in addition, this company has prepared a powder 
of a large number of elements so as to enable workers to prepare their own 
negatives for direct photographic or projection comparison (Fig, 4.36). 

The second type of chart, that of an iron spectrum with indicated 
positions of lines of other elements, is of importance in the rapid identi- 
fication of lines in qualitative analysis of unknowns. Three charts of 
this type are available; two of which, the Bardet (28) and those in this 
book (30), are for prismatic instruments, while the Crook (29) (Fig^4.4) 
is for a grating dispersion. The Bardet table is limited to a range from 
2500 to 3570 A, and the Crook table from 2790 to 3430 A and from 5050 
to 5670 A. Those in this book have been designed to cover a wider range, 
from 2310 to 5080 A. 

Persistent Lines (Raies 

All these iron-unknown tables give line intensities as well as position 
of the unknown lines. The selection of lines for inclusion in such tables 
is usually the somewhat random choice of the compiler of the table, 
although an attempt is made to include the strongest lines of all the 
possible elements. Outside the tables of persistent lines or the raies 
ultimes there has been no attempt to prepare condensed tables and 
eh^-rts based on a nonarbitrary selection, except in the tables of Meggers 
(1^), in which the “residual lines" are selected in accordance with their 
presence in diluted samples in arc spectra. 

De Gramont has suggested a special name for the most persistent 
lines of an element: the raies ultimes; they are also known as the letzten 
linien, or the persistent lines. As one dilutes the amount of an element 
in an arc, the number of lines observable is reduced and ultimately there 
remain only a very few lines of the element which is diluted. These lines 
are thus known as the raies ultimes or persistent lines. Data have been 
collected for a large number of elements in a special table of persistent 
lines (Tables I and II). The persistent lines are not necessarily the strong- 
est lines in the spectrum, nor are they always the lines which require 
the least energy of excitation, i.e., the resonance lines. They are de- 
termined by a general rule proposed by Meggers and Scribner (13); 
that a persistent line originates in a simple interchange of a single elec- 
tron between an s and a p state, usually preferring configurations in 
which only one electron occurs in these states. In many of the condensed 
tables which are available for spectroscopic examination the persistent 
lines are either listed separately or indicated with a prime (') or letter 
(p) or (P), the most persistent lines being indicated by (P) and the next 
most persistent by (p). 

From this discussion on the persistent lines it is apparent that in the 
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qualitative analysis for a certain element one need onlj’" look for the 
persistent lines of that element. If they are absent the assumption may 
be made that the element is not present in the sample. 

Qualitative Analysis 

The spectrum photograph may be obtained by direct arcking or spark- 
ing of a conducting sample or by the use of a carbon or other conducting 
electrode as a holder, and introducing the material on the electrode. If 
the instrument has a printable scale it should be recorded on the nega- 
tive, and on the other side of the spectrogram of the unknown one should 



Fig. 4.6. — Spectrograms of common materials. P. 

1. C + Sb. 2. C + Bi. 3. C + Sr. 4. C + Ca. 5. C 4- Mg. 6. C + Na + K. 7. C. 
8, Wood’s metal. 9. Solder. 10. Pt. 11. Coin silver. 12. Mn. 13. Co. 14. Pb. 

photograph a spectrum of a known element or compound, such as iron, 
copper, a known brass, “R-U” powder, or a sample of the principal 
constituent of the unknown (Fig. 4.0) (See Exercise 2, Chapter XII). 

In the analysis of a brass sample (Fig. 4.7) the reproduction of a copper 
spectrum adjacent to a brass photograph enables the observer to mark 

I i II i n - — I 

^ i, ifii!i| -ni iiiii i’i ' -I — 2 

i,l H iv 

Pu;. 4.7. — Spectra of J. aluminum (spark); 2. aluminum lirouze' (iirc'i; ,3. copper 
(arc); and, 4. l)r:i.s.s (arc). N. 

at once all line.s due. to coiiper, assuming, of course, that the cupper 
sample is spectroscopically pure. For routine analytical work the opeu- 
ator will have available negatives with the copper or other element lines 
identified so that the negatives may be compared simultaneously b>' 
projection or other methods. A convenient method of ('xamination, 
especially if the dispersion of the instrument is low, is to make enhirgi'- 
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ments from 5 to 10 times the size of the original negative, mount the 
enlargement on a suitable card, and write in the lines as determined 
(see Fig. 12.5, page 241). For instruments which do not contain a gradu- 
ated scale, and for more exact analysis, one may photograph an iron 
spectrum adjacent to the unknown. This in itself acts as a finely, though 
irregularly, graduated scale. Photographic charts indicating lines of 
elements in relation to iron (page 69 and Plates II to XXXVI), 
have been prepared for this purpose. Those which are included in this 
book (although one hah the size commonly used in analytical work) 
have been designed to enable the operator to use a strip enlargement 
of the spectrum or to project his spectrum in the blank space between 
the iron spectrum and the unknown lines. By experience it has been 
found that this method is both rapid and accurate, and it is much more 
convenient to apply, especially to student instruction, than the micro- 
scopic examination of the original plate, if a large number of lines are 
to be identified (see section on photography, page 300) . 


3400 


iiWfii'r'i! ..iy'fiiWibfid.K "V tiiifl'ii 

4300 


Fio. 4.8. — Portion of iron spectrogram (bottom) and nonferrous alloy (top). N. 


The procedure of qualitative analysis may be roughly divided into 
two parts: (a) search for a definite element, and (h) identification of 
unknown elements. In the search for a definite element, the use of the 
persistent lines should be sufficient to confirm the presence of the ele- 
ment, although in samples with a large number of lines the overlapping 
which may occur, especially with a low-dispersion instrument, may make 
these uncertain. At least three lines concerning which there is no pos- 
sible doubt as to origin, should be identified so as positively to identify 
the element. 

The identification of unknown elements requires a more complete 
identification of all the spectral lines, except those which may be elimi- 
nated by means of a pure standard photograph and visual comparison. 
It can be seen that in working with a nonferrous alloy unknown (Fig. 4.8) 
a pure-iron comparison spectrum would relieve the analyst of a great 
amount of measurement and identification work. A considerable amount 
of labor can also be avoided by the identification of strong lines of im- 
purities not present in the comparison spectrum, and then, from the 
tables giving the lines of that element (Table IV), the remaining weaker 
lines of the element may be rapidly identified and eliminated. It may 
also happen that there are available in the laboratory photographs of 
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pure samples of this impurity element so that direct comparison of 
photographs or prints may enable the analyst to eliminate a large group 
of lines. For the remaining lines, and often this procedure may apply 
to the entire negative, the wavelength should be determined from the 
scale or comparison (iron) spectrum and the possible elements for each 
line tabulated, consulting either photographic tables or, for more com- 
plete analysis, such tables as the Kayser “Hauptlinien” {A 4 I), the 
Massachusetts Institute of Technology 100,000-line table {A27), the 
Scheibe table {A59), Twyman table {A71), or the table in this book 
(Table III). Some of the available tables indicate the position of occur- 
rence of the next strong line of the same element so as to enable the 
operator to make a rapid confirmation of the assigned element. 

Line Identification 

Experience will show that it is not possible by visual comparison of 
negatives from medium-dispersion instruments (2000 to 7000 in 25 cm) 



Fig. 4.9(7. — Spectrum comparator (Bausch and Lombj. 

to assign the position of the line closer than one or two angstrom units; 
lienee, as can be seen in Table III, there may be a number of possibilities 
which can be eliminated in part by a search for the persistent lines of 
the elements which are possible. For veiy accurate analysis it may be 
necessary to determine the position of the unknown line more accurately. 
This may be accomplished by means of measuring devices such as a 
traveling microscope or micrometer eyepiece (Fig. 4.9). With grating 
instruments it is possible to make an intorpoktion measurement on the 
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negative, between two or three known lines, and thus deterininetlie wave- 
length, With prism instruments, in which there is a rapid ehange of dis- 
persion with wavelength, a more complex formula (Hartmann formula) 
is used in which three known lines are required. 

c 

Mo)"” 

where X is the wavelength of the line in question; n, the index of refrac- 
tion of the dispersing medium at the wavelength in question; and Xo, c, 
no, and ct. are constants. For purposes of calculation the value of (l may 
be assumed to he unity, and in place of the refractive indices one, may 
use the micrometer readings on the plate for the unknown line s and the 
known line Sq. The equation then becomes 


which can be solved by measuring the micrometer values for the sepa- 
ration between the unknown line and three adjacent known lines 
(chosen so that not all are on the same side of the unknown line) . 

For all but the most exacting measurements it is possible to plot the 
known wavelength values against the micrometer readings and inter- 



Fig. 4. 95. — Spectrum comparator 
(Gaertaer). 


polate for the wavelength value of the unknown as deterniincd by it s 
micrometer reading. Over very limited spectral ranges, especially witli 
instruments of high dispersion, linear interpolation may be used with 
sufficient accuracy for the usual identification. For all grating work, 
even where the system may be in the Eagle mounting or any other form 
which does not produce an exactly linear dispersion, the use of direct 
linear interpolation is satisfactory for element identification. One seldom 
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uses the Hartmann, formula unless the assignment of wavelength to an 
unreported line or the most exacting identification requirements are 
involved. 


Standa^rd Samples 

Tor the purpose of superimposing, or printing in juxtaposition, a 
spectrogram of a known standard substance, it is desirable to have 
available special standard samples, similar to the analytical standards 
supplied by the IBureau of Standards for gravimetric analysis. Standard 
samples are available from a number of sources: the large-scale com- 
mercial producers of high-grade products as well as laboratory supply’- 
houses. Special mention should be made of the Hilger samples of metals 



a & 

Fia. 4.10. — Examples of spectrum line combinations for rapid identification, 
a. Magnesium group of fi^e symmetrically spaced lines at 2780 A. P. 
h. Beryllium doublet at 3130.48 and 3131.13 faint lines are ghosts from grating. 

(Crook.) P. 

and salts which have been prepared for spectroscopic standards. A sub- 
committee of the American Society for Testing Materials committee on 
spectrographic analysis under the direction of T. A. Wright has pre- 
pared a list of such samples for metallurgical identification (Cl 31). 

In the rapid qualitative analysis of a large number of samples one 
.soon learns to recognize certain gi-oxips of lines so that one can identify 
th(iir position on the negative in the absence of a scale, or confirm at 
once the presence of an element. The extensive use of the iron spectrum 
as a calibrating scale makes it useful to be able to identify the section 
of the spectrum, especially if the negative is taken on a Littrow instru- 
ment in -which only a portion of the spectrum appears on any one 
negative. For example, in the section at 3100, a strong triplet followed 
by four evenly spaced intense lines should be easily identified (Fig. 4.5). 
Another easily identified grcjup is the double-single-douhle-siiigle group 
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at 2404-2413. The copper doublet at 3247-3274, and the magneaium 
group of five lines at 2776-2783 (Fig. 4.10), are also very distinctive. A 



Fia. 4.10c. — Zinc group of three lines at 4680, 4722, and 4810 and lead line at 
4058 in a brass sample (upper spectrogram). Note characteristic copper group of 
three lines at 5105, 5153, and 5218 and the pair of lines at 4022 and 4062. P. 


manganese group of three lines at 2794-2801, aluminum pairs at 3082- 
3092 and 3944-3961, and many other lines are easily recognized, and 



Fig. 4.10d. — Aluminum doublets (upper spectrogram) and copper comparison (lower 
spectrogram). P. 


the experienced analyst should have little difficulty in identifying many 
elements by a superficial examination of the spectrogram. 
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QUANTITATIVE EMISSION ANALYSIS 

Development of Quantitative Methods 

The early use of spectroscopic methods in the qualitative identification 
of elements naturally led to the consideration of quantitative determina- 
tion by this same method. Lockyer was one of the first workers to propose 
the use of the spectroscope for quantitative analysis. His suggestion in- 
volved the determination of the length of the spark lines at each electrode 
as a measure of the concentration of the element. The classical publica- 
tion of Hartley some ten years later in 1884 (CSS) on the persistent lines 
of Mg, Zn, Cd, Al, In, Tl, Cu, Ag, Sn, Hg, Pb, Te, As, Sb, and Bi paved 
the way towards the field of quantitative analysis by indicating a corre- 
lation between element concentration and line intensity. Over twenty 
years later Pollok and Leonard continued Hartley’s investigations by 
the publication of a series of seven papers on the spark spectra of a 
number of elements at low known concentrations, and a determination 
of the principal lines of elements in the spark spectra. Hartley, Pollok, 
and Leonard (C76, C95) used a solution system in which they indicated 
lines which were present in one concentration but not in concentrations 
of one tenth that amount, employing a definite sparking time, and cur- 
rent density. The series used was as follows: 

TABLE 5.1 

Line Desicn.-^tions Used by Hartley {C6S) 

T = lines present in the pure sample but not in a strong solution 
a- = lines present in a strong solution but not in a 1.0% solution 
<^) - lines present in a 1.0% solution but not in a 0.1% solution 
X = lines present in a 0.1% solution but not in a 0.01% solution 
= lines present in a 0.01% solution but not in a 0.001% solution 
0 ) = lines present in a 0.001% solution but not in a 0.0001% solution 

De (Iramont (C 40 , C 41 ) published a number of papers during the first 
(quarter of the present century, most of which deal with the persistent 
or raies uliimes lines and their application to spectrum analysis. In 1920 
he published his table of persistent lines [mies uliimes or letzten linien) 
(see Table I in Appendix), which was an important contribution to both 
77 
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qualitative and quantitative analysis. In this table of persistent lines, 
de Gramoiit indicated the rates sensibles andraies ultimas as the persistent 
lines in the visible and ultraviolet regions respectively. The term rates 
ultimes has since been applied to persistent lines in both these spectral 
regions. 


Work of Me<3Gers„ Gerlach, and Scheibe 
Meggers, Kiess, and Stimson published in 1S22 (C81) a series of quan- 
titative spectrographic determinations on samples of tin, gold, and 
platinum, using the methods which de Gramont originated in 1895. Por 
a quarter of a century, de Gramont had been almost the sole proponent 
of this analytical procedure. In this paper by Meggers and his eo-worhers, 
alloys of known concentration were used as standards, such as a platinum 
series containing the following rhodium concentrations: 1.0, 0..% 0.01, 
and 0.001 per cent. The unknown sample of platinum was sparked in a 
condensed spark in accordance with the de Gramont method, and the 
spectrogram obtained was compared with spectrograms obtained under 
similar sparking conditions from the known standards. The density of 
the persistent lines or rates ultimes served as a measure of the amount of 
rhodium in the unknown sample. Similar standards and density determi- 
nations were made on a series of gold samples containing from 1 to 0.001 
per cent of silver, copper, iron, and lead. In the analysis of fusiVole plugs 
of tin it was shown that one might expect such impurities as lead, zinc, 
antimony, copper, iron, arsenic, and bismuth. A comparison of the re- 
sults obtained by spectrographic and chemical means (Table 5.2) demon- 
strated that this new method was capable of giving quantitative results 

TABLE 5.2 

CojVipakison of Spectrographic aud CHBWtCAi. Analysis of Tin Alloys ( C 81) 


Sample 



% 

-SpectogiupLic. 




CTiomiciil 

Zii 

Cu 

Pb 

Pe 

Zii 

Ni 

Ag 

Bi 

Cu 

Pb 

Ec 

3993 

0.1 

0.1 

0-005 

0.001 

0.001 

0-000 

0-009 

0.08 

0.10 

0.03 


4409 

0.6 

0.05 

0.1 

0.07 

0.001 

0.000 

0.000 

0.62 

0,04 

0-04 

0.1)6 

414S 

0.4 

0.08 

0.07 

0.005 

0.001 

0.000 

0.001 

0.45 

0.10 

0.09 


4199 

0.8 

0.6 

0.02 

0.04 

0.01 

0.001 

0.01 

0.76 

0.63 

0.02 


4247 

0.6 

1.0 

0.01 

0.15 

0.01 

0.001 

0.01 

0.65 

0.98 

0.042 



with considerable precision. “^Tn fact, the precision probably surpasses 
that of the chemical gravimetric method in a case of this kind, for it is 
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j^recisely for the small quaatities for which weighing errors are large 
that the spectral methods show their greatest sensitiveness. The greatest 
economy, howeyer, is in materials and time. Whereas a chemical analysis 
will require abont 10 g. of material, only a few milligrams are consumed 
to make a spark spectrum. A dozen samples carried along simultaneonsly 
require about two days for a chemical analysis. The same can be ac- 
complished in two hours hy the spectral method^’ (Meggers, Kiess, and 
Stimson) (CSl). 

The actual determination of line intensity was made by a visual com- 
parison of the unknown-sample persistent line with the series of photo- 
graphs of the known-sample persistent line. This measurement of 
comparative density of two lines can, of course, be made visually or by 
some mechanical or electrical means. Much of the improvement that 
has been made in the spectrographic quantitative methods, since the 
pioneering work of Meggers, has been in the direction of increased accu- 
racy in measurement of line intensity or density. 

Photogr.'^.phio Measurement of Light iNTENsirr ( AIS ) 

Line intensity may be measured in a number of ways, nearly all <jf 
which are photographic in character. The photographic eniulsion pro- 
duces a blackening on the developed 
negative which is not directly pro- 
portional to the light intensity af- 
fecting the silver halide, but, as can 
be seen from the c?/log F curve (Fig. 

5.1), is, for a considerable intensity 
range, a linear function of the log of 
intensity. This linear range provides 
a means of interpolation between 
known light concentration or in- 
tensity values, provided, of course, 
that the conditions of exposure are 
so regulated that the density of the 
line in question falls within the limits 
of this linear slope. 

Two sources of error should be considered when using the photographic 
method of intensity comparison. In the first place there is what is known 
as the reciprocity failure, which may be expressed as the failure of 
photographic emulsions to conform to the relation 

log I -t = (I (Avhere log / ■ f = a constant) 
where / = intensity, t = time of exposure, and d = density of the image 
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formed. It can be shown that there is an optimum exposure time, require 
ing a mmimum light intensity for unit density, and an optimum light 
intensity, requiring a minimum exposure time, for a given emulsion. For 
intensity or time values differing from this optimum value, a greater 
value oi I ‘t will be required to produce the same unit density. 

The second possible source of error, which results from the reciprocity 
failure and the inertia of the photographic process, is known as the 
intermittency effect. If an exposure of 100 seconds with a given source is 
required to produce a unit density of photographic image, then ten 
separate exposures of 10 seconds each should produce the same density. 
The failure to obtain the same density is known as the intermittency 
effect. It has been shown, however, that if the number of interruptions 
(sector revolutions) is greater than about 20 per second or the total 
number of interruptions in an exposure is greater than 50 there is no 
great intermittency effect and the errors from both these sources will, 
in their application to quantitative spectrographic analysis, be less than 
the usual errors in observation. 

Internal Standards 

The uncertainty with regard to the relation between density and 
logarithm of intensity may be eliminated if the element line in the un- 
known can be compared with the same line in a series of samples with 
known varying concentration and in which one of these series gives the 
same line density as the unknown sample. It is obviously impossible to 
incorporate within the unknown sample a definite amount of the known 
material for which the test is being made. To accomplish this comparison, 
it becomes necessary to refer the intensities of the lines in the known and 
unknown samples to some common line of an extraneous element which 
remains unchanged in both spectra. This method of ‘‘internal standard” 
control was first developed by Gerlach {A 19a). Two types of internal 
standard lines may be used; (a) a weak line of the element which is the 
major constituent of the sample,' which line is known to be cons tant uT 
intensity, within the limits of experimental observation, and (b) a strong 
orpemstent line in the spectra of an added small amount of an element, 
which is known not to be present in either the known or unknown sample. 
The observed lines can then be classified in pairs of equal intensity, i.e., 
known or internal standard line, and unknown line. The preparation of 
a series of standard samples with a varying concentration range; of the 
“unknown” element and observation of the spectra of these samples 
provide data for the selection of a series of these pairs to cover any de- 
sired concentration range. Since both the unknown and the internal 
. standard are a part of the same sample, it is obvious that variation in 
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t he time of exposure, plate characteristics, or developing conditions will 
not affect the relative density of two lines which are equal in intensity 
in the light source. 

One condition which will influence the relative intensity of a pair of 
such lines will be a variation in the excitation conditions of the arc or 
spark, if the two lines are chosen so as to represent markedly dijfferent 
energy conditions in the arc or spark. For example, one line may be due 
to a singly ionized atom of low potential of excitation and the other to 
a doubly ionized atom which requires a high ionization potential (Fig. 
5.2). An increase in the temperature or voltage would favor the latter 



0 0.4 0.6 1.2 1.6 2.0 2.4 2.8 


Fig. 5.2. — Comparison of working curves from lines representing similar excitation 
response (I) and different response (II) (Scheibe 

line and reduce the intensity of the former. For further control and as a 
means of increasing the accuracy of the observations, definite arc or 
spark conditions are maintained, and, in addition, one may define the 
conditions spectrographically, i.e., choose a pair of lines, representing 
low and high excitation conditions of the same atom, which are equal in 
intensity under the prevailing spark or arc conditions. This condition of 
spectral character may then be added to the internal standard pair 
equality as a guide to a fixed concentration ratio of known and unknown 
lines (Table 5.3). 


Homologous Pairs 

A second method of avoiding the possibility of error due to a change 
of arc or spark conditions is to choose for the known internal standard 
line and the unknown comparison line, which are to be of equal intensity 
for a given concentration, lines which are known to have approximately 
the same excitation conditions so that within a considerable change in 
arc or spark condition any change which may take place in one line 
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intensity will also take place to the same extent in the other. Such a pair 
of lines has been defined as an ‘‘homologous pair” (AIS, A19). The choice 
of homologous pairs of lines for spectral analysis may be made by a study 
of known standards under varied conditions of arc or spark (variation 
of voltage, inductance, capacity, etc.), and once these pairs have been 
established it becomes possible to eliminate some of the errors involved 
in earlier quantitative analyses. For more exact determination of homol- 
ogous pairs one may, of course, revert to the spectral analysis of the 
individual elements, determining the term, levels, multiplicities, etc., 
and may choose from similar conditions the lines to be compared. 

TABLE 5.3 

Homologous P.<vms and Control Standards for Analysts 
OF Bismuth in Lead 
(Gerlaohand Scihweitzer) (A /.9a) 

Excitation (jontrol pair 
Sn IT 3352.3 == Sn I 3330.0 


Pb 

Bi 

%bi 

2657.1 

= 2730.5 

5 

2657.1 

= 2780.5 

1.5 

3220.5 

= 3024.6 

1.5 

3220.5 

= 3067.7 

0.07 


Having once chosen a pair of lines which are known to be f)f equal 
intensity for a definite concentration ratio, rcjgardless of the excitation 

Percent of Be 
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Fig. 5.3.— Working curve for determination of beryllium (3132.3 A). HLsmutli in- 
ternal standard (3067.7 A). (Brode and Steed [C31\.) 

conditions within the experimental limits of variation, or a pair of lines 
which are known to be of equal intensity for a definite concentration 
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ratio, at a definite excitation condition which can be controlled, one is 
confronted with the possibility of variation of the “unknown” concen- 
tration. Since the photographic negative, over an appreciable range, 
has a linear relation between the negative density and the logarithm 
of the light intensity, and since the amount of the element and the 
intensity are, by definition of method and control, concomitant, one may 
measure the relative density of the known and unknown lines and thus 
may construct a working curve for the element over a considerable con- 
centration range of the unknown. Thus the determination is not limited 
to a series of definite concentrations by the equal intensity method. In 
the graphical representation of a working curve (Fig. 5.3) one may plot 
the logarithm of the concentration of the unknown against the ratio of 
the densities (which is a linear function of the logarithm of the concen- 
tration or light intensity), and in such a case one should obtain a straight 
line over the concentration range within ■which the method is applicable. 

LoGARiTmnc Sector 

Scheibe presented a fundamental contribution to the practice of quan- 
titative spectroscopic analysis when he introduced the use of a logarith- 




Fig. 5.4. — Lugai'itliiuic sector (appeurauce of speetrum lines of differeut iiiteiitiity 
indicated below.) . 

inic s(*ct()r in front of the spectrograph slit {(104, (lOo). The use of step 
or linear sectors (jr filter.s in front of a spectrograph slit as a means of 
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measuring intensities was not original at the time, but this was the first 
application to quantitative analysis. Hamburger and Holst (GY?') had 
previously used a logarithmic sector in front of a spectrograph slit for 
the determination of intensity ratios in multiplets. The sector may be 
cut either in a smooth curve, which is equivalent to an infinite number 
of steps (Fig. 5.4), or in a finite number of steps (Tig. 5.5). The step 
sector limits the measurements to certain density levels but, in turn, 
permits the application of density photometers to the measurement of 
the blackening of the photographic plate. Neutral wedges may also serve 
the same purpose as rotating sectors, and these may be either of contin- 
uous or stepwise gradation. Partially silvered mirrors are not suitable on 
account of the ultraviolet transmission of silver films, but the evaporated 
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Fig. 5.5. — Step sector (appearance of spectrum lines of differeut intensity indicated 
below) . 

aluminum, antimony, or sputtered-platinum mirrors are ciuito satis- 
factory for this purpose. Since within certain limits the width of the 
spectrum line, produced from a uniform light source projected on the 
slit, remains constant, but the photographic density increases as one 
increases the slit width, one may use a step or sloping slit in place of a 
step sector in front of the slit. Such a slit is difficult to operate since it 
must be kept at a definite width in order that the step ratios will hear 
the proper relation to each other. Yierordt (Cl IS) has designed a special 
two-step slit of this type, involving two separate jaws operating against 
a common jaw so that the slit widths could he set to any desired ratio. 
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Hansen, Scheffer, and Duffendack and Wolfe have proposed step slits 
with more than two steps but lacking the ability of adjustment of the 
ratio between step widths. Such a series of slit widths can best be pro- 
duced by ruling a series of superimposed lines on a metallized quartz 
plate, each line in the series being shorter by a definite amount and 
broader hy a definite amount compared with the preceding line so as to 
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Fig. 5.6. — Step sector spectrogram (steel sample). P. 

produce approximately a logarithmic difference in the light transmission. 
The actual width of the lines is not of extreme importance since the slit 
can.be calibrated against standard density wedges (Fig. 3.15). 

In the application to grating instruments where the character of the 
mounting prevents the use of a sector or wedge at the slit, one may 
place such a device at the focal point of the grating or immediately in 
front of the negative. With the second arrangement it is necessary to 
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Pifl. 5.7a . — Logarithmic sector spectrogram, (steel sample) . W, 


have a cylindrical rotor so as to reduce equally the intensity of all lines 
on the plate. Such a rotor, usuallj^ a hemicylindrical segment of a solid 
('ylinder, may also be placed in front of a quartz spectrograph slit, where 
it will produce a double set of tapered lines. 

All these step or gradient sectors, slits, and density wedges produce 
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the same type of effect on the photograpliie plate, namely, a spectrum 
line of graded density, the degree or character of the deiiwity change being 
dependent on the type of the device. Step sectors, stf^p slits, and step 
wedges produce lines with a definite series of density steps (Fig. 5.6), 
whereas smooth sectors, wedges, and slits, which arc the equivalent of 
an infinite number of steps, produce a gradual density change in the line. 

While all types of these reducing devices 
can be calibrated in terms of relative density 
per step or height of line from a given base, 
it has been found extremely convenient to 
cut or make the gradient device with a 
logarithmic extinction factor. For a step or 
smooth sector, this can he clone by use of a 
logarithmic curve or steps in preparation 
of the sector. 

A.n important prerequisite of the gradient 
line method (the use of a logarithmic sector, 
step slit, density wedge or rotor in front of the 
negative) is that the slit should lx; uniformly 
illuminated along its entire effective length. 
The use of a lens system which projects 
an image of the arc or spark on the slit 
is obviously unsatisfactory since, the line 
density varies within an arc or spark unless 
only a very small portion from the center of 
the arc or spark can he lused and projected 
with a long-focus lens to fiirni.sh a, rather 
large image on the slit. A inetliod quite 
often employed with otjnsideriLble success is 
to place a lens as near as possihlc to the slit 
and sector. This lens should be of .such a 
focal length as to focus the light source on 
Fig. 5.7&. — Logarithmic sec- the collimating lens of the prism. In order 
.ov spectrogram (steel sample), to eliminate electrode ends or other parts of 
the arc or spark, a suitable diaphragm can 
be inserted at this point (Fig. 5.8). Other suggested methods inclndo 
substituting a cylindrical condensing lens for a spherical lens for illumina- 
tion of the slit; the omission of the condensing lens; and focusing the light 
source on a diaphragm so as to select the center portion tjf th<; arc; oi- 
spark, and then projection of this illuminated diaphragm ontlu- .slit in a 
sufficiently large image to approximate parallel light. 

The logarithmic wedge or sector reduces the intensity of the light 
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passing through the slit, and, assuming that the photographic plate is 
capable of integrating intermittent exposures so as to compare exposures 
of shorter time and greater intensity with longer time and weaker in- 
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Pig. 5.S. — Optical arrangement for use of logarithmic sector or diaphragm at the slit. 


tensity, an equal blackening of the photographic plate will be produced 
at points along the graded spectrum line where the light intensity is the 
same. The measurement of density is affected through a measurement 



P*'i. ,'5. 9:/. ViG. 5.96. 

^ Fif), 5. 9c. — SjiPi'tnimraeasuniigmagiiifier (Baasch aiidLomli). 

FiCi. 5.90, — Special tyopicce for lim* density matching. Inverted comparison linen ml 
.scale arc jiiirt of the field of the reading glass. (W'ilhelm 

ol the length of the graded line. The intoiisito' of two lines at the pointed 
end will be the same,- and, if the relative e'xposure has been produced by 
a logarithmic device, then the length of the line from a given refereneti 
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point will be a logarithmic function of the intensity of the line in the 
source 

In the comparison of two lines such as an internal standard and an 
unknown line, the length of each line will be a measure of its intensity 
and the ratio of the logarithm of the intensities can be expressed as 
log Is — log With a logarithmic sector each line becomes a logarithmic 
intensity measure and the difference in length of the lines expresses the 
intensity ratio. This difference, as can be observed by experiment, re- 
mains the same for various conditions of exposure, slit width, develop- 
ment, and plate characteristics, as long as the sector or wedge gradient 
is sufficient to include the transmission or opacity values required to 
produce the same selected density in both lines. It is not necessary to 
use the point of extinction for matching, and a method has been sug- 
gested (Fig. 5.9f)) in which a reverse graded line or pair of lines has been 
used in the micrometer or measuring eyepiece and the density for match- 
ing chosen for some finite value {Cl 20). 

Working Curves 

With the step sector, or other step gradient device, it is possible to 
use a photometer to measure mechanically the density of the chosen 
line pairs. From the known transmission values of the various steps it 
is a simple matter to determine the transmission for a uniform density 
of the internal standard and unknown spectrum lines, and the ratio of 
these logarithmic transmission values, as in the case of the smooth 
logarithmic wedge or sector, will give an indication of the amount of 
unknown in the arc or spark. In view of the linear character of the 
d /log 1 curves and the comparison of the two lines at the same blacken- 
ing or density value, it is possible to set up a curve which will indicate 
the ratio of intensity of the two lines (known and unknown) over a con- 
siderable concentration range. This curve, known as a working curve 
(Fig. 5.10), forms the basis for rapid and exact quantitative analysis. 
If one plots the logarithm of the percentage concentration rather than 
percentage concentration itself, a straight line will be obtained over that 
particular concentration range in which e.xtraneous factors do not inter- 
fere with the analysis. 

The linear relation involved with the logarithm of the percentage 
composition indicates that the accuracy of the method will be a function 
of the amount present rather than an absolute value. In general, one 
can obtain results accurate within 5 per cent .of the amount present over 
the effective range of the working curve. The choice of concentration 
of the internal standard should be such as to yield a line density equiva- 
lent to the density of the unknown line at about the intermediate eon- 
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centration value of the range over which the working curve is to be 
applied. The literature available on the determination of high percentage 
concentration of elements by this method is meager, but there appears 
to be no reason why a weaker spectral line of proper characteristics could 
not be used for the unknown element in a rather high concentration, to 
compare with the internal standard line, although one could not hope 
to increase the accuracy above 5 per cent of the total amount. In observa- 
tions involving a nearly pure material it would be more to the point to 
determine the impurities directly and the element in high concentration 
by a method of difference or remainder. 

Menzel has suggested that for steUar quantitative analysis as well as 
laboratory technique it should be possible to set up a series of curves or 



Fig. 5.10. — Working curve for analysis of bismuth, logarithmic sector method. 

tables which, for certain pairs of lines of the same element but different 
excitation potential, should determine the excitation conditions of the 
source. Furthermore, it should be possible to formulate a working curve 
for each of these determined or assigned excitation regions so as to express 
the elemental concentration of the component elements in terms of a 
major constituent element which has been chosen as a control or internal 
standard. The influence of certain elements on the line intensity^ of other 
elements would, of course, be a disturbing factor which would have to bo 
considered. 


Densitometer jMethods 

In the above-described gradient density methods it is not necessar}' 
to consider the plate characteristics, exposure time, amount of current 
interruptions, development time, or many other disturbing factoi-s. 
However, if these factors are carefully controlled, one may improve the 
accuracy of the method. If these interfering factors are sufficiently well 
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controlled, uniform exposures of different samples may be compared in 
much the same manner as the gradient intensities. In this controlled 
method one may compare exposures of the unknown sample with similar- 
exposures of a series of known samples and match, to an equivalent den- 
sity (the method used by Meggers (C81') in his first reported quantitative 
analyses) . If both the internal standard and unknown lines are found to 
be of equal intensity, no additional calibration of the plate is necessary. 
In the analysis of a number of samples for the same unknowns, the con- 
trolled conditions of exposure should yield internal standard lines of uni- 
form density which may serve as a check on the constancy of exposure 
conditions. The series of unknown lines can thus be compared directly 
with a series of lines from standard samples of known composition which 
should be recorded on the same negative. Tor this comparison and assign- 
ment of elemental concentration it has been found convenient to record 
and plot the galvanometer swing, or blackening, of the known standard 
lines against the log percentage composition so as to produce a working 
curve, and from the galvanometer swings of the unknown lines the cor- 
responding element percentage can he read directly. 

Plate Calibration 

The calibration of spectrum negatives, which is unnecessary in the 
use of known gradient sectors, slits, or wedges, involves the imprinting 



A B Fig. 5. 116. — Pliotoin<;tri<; infia.suro of 

Eig. 5,1 la. -Step-density wedge (A). density wedge pattern. Light in- 

log-density wedge (B). tensities 7 a and /« will prodiK;(! densi- 

ties A and B as indicated on tho d/lcjg 
7 curve and can be equated to den.sity 
wedge values. 

on the negative of a step wedge (Pig. 5.11a) in such a manner tliat the 
density values thus obtained cover the range over which the measure- 
ments are to be made. Since the transmission of the wedge steps is 
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known, tlie imprinted density patterns on the negative represent a 
negative density or blackening equivalent to a known change in light 
intensity. Measurement of the density of the spectrum line as compared 
with, this series of graded densities will enable the observer to assign a 
definite light intensity value to the line (Fig. 5.116), and hence a compari- 
son can be made of relative intensities of spectral lines with increased 
accuracy. The use of a step logarithmic wedge for plate calibration will 
yield numerical values for density which will be proportional to the loga- 
rithm of the intensity, and the difference in these logarithmic values will 
he equivalent to a ratio of the line intensities in the source. 

The ufee of a step sector or step wedge at the slit will enable the 
operator to impress a calibration pattern on the negative for the various 
spectral regions included in the plate. The calibration photograph may 
he made separately with a homogeneous light source, or it may he 
applied at the time the analysis photograph is made by the use of the 
unknown substance in the light source. In the determination of line 
density and light intensity one may determine the d, log I curve from 
this calibration data, or, in the use of the step wedge, slit or sector, 
determine the levels at which the unknown and internal standanl are 
of equal intensity. 

Luce Intensity — Densetometees 

Densitometerff may be classed as a special form of photomeUr intended 
for the measurement of optical density. Wliere the values measured are 
themselves a direct measure of optical intensity (e.g., photographic 
Idackening) the resulting data may be properly called either dermtometer 
or photometer values, and a series of values plotted in a curve may he 
called demiiometric or photometric curyes. If the densitometer or photom- 
eter is designed to measure light intensity over a limited area such as 
a slit or pin hole, the in.strument is usually termed a mi era photometer or 
in icrodensitorneter . 

Line intensity can be determined hy means of logarithmic sector meth- 
ods, hy a direct measurement of the length of the spectrum line and the 
ratio of two line intensities by the difference in their lengths. Since the 
ratios of intensities are the data which are used in quantitative analysis, 
the length may be measured from any point common to both lines, such 
as a streak on the spectrum lines due to a dust spot or irregularity in the 
slit, or from the mark caused hy the outer edge of the rotating sector. 
The measurement may he made with a microscope^ with a measuring 
eyepiece or a simple reading glass with a built-in scale. Such an instru- 
ment is available from the Bausch and Lomb Company in %vhieh the 
S(*ale is divided into tenths of a millimeter and with w'hieh the length of 
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a line can be estimated "to 



Fia. 0.12. — Measuring magnifier field 
(Bansch and Lomb). For reproduction 
purposes a 0.5-mm scale is shown. The 
scale supplied is in 0.1 mm divisions. 

involve a steady light source of ir 
tion bulb, connected through som 


i 0.02 mm (Fig. 5.12). As another 
method of measurement, the nega- 
tive can be enlarged either by pro- 
jection or photographic enlargement 
and the length of line measured 
with a millimeter ruler. 

The determination of line density 
as a means of measurement of light 
intensity can be made hy visual 
comparison and matching, although 
nearly always some form of photo- 
electric or photronic densitometer is 
used so as to obtain consistent re- 
sults independent of the operator 
and more accurate than those ob- 
tained in visual matching. In principle 
these photronic or photoelectric den- 
sitometers {Fig. 5.13 and Fig. o.l4) 
icaiidescent character, such as a projec- 
e type of voltage regulator, an optical 



Pig. 5.13. — Recording photoelectric photometer (Zeiss). 


system to illuminate the plate, and projection of the image produced on 
a slit in front of the photronic cell, or the focusing of the light on the plate 
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in the form of a line by means of a preliminary slit in front of the light 
source, and the illumination of the cell with this beam. The type of 
photronic cell, photocell, or thermopile has considerable influence on the 
data, and it is well to measure the density wedge itself from time to time 
to be sure that, o-ver the range in which observations are made, a linear 
response results from various density values. It may be necessary to 



Tig. 5.14. — INIicrophoto meter record of steel spectrum (2S50 to 2SSo A.), taken on a 
]VJoll (Ivipp and Zonen) instrument. 


calibrate the readings from the photometer in terms of the equivalent 
density values. Most densitometers operate through a galvanometei- 
electrical circuit so that the density is measured hy galvanometer swing. 
In a few instruments a null method is used with two photronic cells and 
a bridge balancing device so as to measure the difference between the 
transparent plate and the spectral line intensity. 

The density of a spectmm line on a photographic plate is, by defini- 
tion, a linear function, over a considerable range, of the logarithm of the 
light intensity which produces the latent image. 


It can be shown that the amount of light transmitted by the spectrum 
line on the plate can be nieasnred by the galvanometer deflection pro- 
duced the current from an interposed photronic cell, and that the de- 
flection (Z)) and density (d) bear a similar relationship to the above in- 
tensity and density equation. (Deflection is defiined as the difference in 
the galvanometer swing for a clear portion of plate as compared with the 
galvanometer swing for the line portion.) 

d ^ c-logi) 




94 


QUANTITATIYH EMISSION ANALYSIS 


TABLE 5.4 

VoEKiNo Curve Data 

Quantitative Spectrographic Analysis for Tin (Sn 3175.1) 
Internal Standard Bismuth (Bi 2t)8(}.l) 


{Silica-Alumina Base) 


Coiiceutratious 

I .ogfirithmic 
Sector Method 

Dciisitoiiiotpr NIot.hofi 
(Clear deflection = 17.7) 

No. 

Bi % 

Sn 7o 

Log 

Bn % 

nengthsof I.iiies 

Deflection 

(Ib,) 

Bi -17.7 

8n-17.7 


Lok I.s„/lBi 

Bi 

Six 

Six — Bi 

Bi 

Sxi 

1 





1.5 








2 

1.5 



5.5 

3.3 


27.2 

23.4 





3 

1.5 

.031 

-2.4014 

5.7 

4,7 

-1.0 

26.0 

23.8 

8.3 

6,1 

0.74 

-0.1808 

4 

1.5 

.063 

-2.7993 

5.2 

5.3 

-1-0.1 

26.1 

26.0 

8.4 

8.3 

0.09 

-0.6044 

6 

1.5 

.125 

-1.0969 

5.4 

7.0 

4-1 .0 

24.1 

26.4 

«).4 

8.7 

1.30 i 

0. i;i:j5 

6 

1.5 

.25 

-1.3979 

5.0 

S.l 

4-3.1 

24.2 

2S.() 

6.5 

10.0 

1.68 

0.22.63 

7 

1.5 

.5 

-1.6990 

5.0 

8.9 

H-3.9 

24. (i 

30.7 

6.(1 

13.0 

1,89 

0.2764 

S 

1.5 

1.0 

0.0000 

4.5 

0.5 

-1-5.0 

24.2 

30.0 

6.5 

13.2 

2.0.’) 

0.3075 


The principle of quantitative spectrographic analysis involves the in- 
tercomparison of lines of the internal standard and unknown. If dx 
and di represent the densities of the standard and unknown lines then the 
difference in density may be equated to 

- C ?2 = 7 log IiT — T log IsT = 7 log I i/'/o 
di~ di ~ log D\ — log i>2 = log D1/D2 
hence log I/7 log DxfDi 

The plotting of the value l/y la^DifD^ against the percentage composi- 
tion and log percentage composition will give the required working 
curve for chemical analysis. In general the recording of the log deflec- 
tion ratio against the log percentage composition will give a straight line 
whose slope will be determined by the gamma value of the photograjihic 
plate. The gamma value can he independently determined by the use of 
a density pattern (step or logarithmic wedge imprint on a portion of the 
plate) although one should realize that the gamma value is not the same 
for all wavelength values, usually dropping as one proceeds towards the 
lower-wavelength portion of the spectrum. For many forms of analysis 
the gamma obtained by a careful control of the illumination and de- 
velopment conditions is sufliciently constant so that calibration patterns 
are not always essential in routine work. 

Plates with a high gamma will give satisfactory measurements over a 
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limited concentration range, whereas plates with a low gamma will cover 
a much wider concentration range, but with a corresponding decrease in 
the accuracy in the determination of the percentage concentration. 

The effect of a continuous background, if small, can be corrected by 
the measurement of the deflection of the galvanometer for a clear por- 
tion of the spectrum adjacent to the lines to be measured, and the de- 
termination of the total line deflection by the difference between this 
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Fic.S. 15«. — Working curve. Densitometer (photometer) method. 

value and that of the observed deflection for the spectrum line. Where 
the background is more intense it is necessary to apply , an equation 
such as 

- ^2 = 7 log -1- -t- k) 

in which k and k represent the background intensity adjacent to the two 
lines under observation (C125). 


Variable % 




D w oo 

Variable O < < h- 

Fio. 5.].5h. — Sppctrogf.-irn for preparation of densitometer working curve. N. 

In the Zeiss and the Moll instruments, ilevices may be incorporated 
to record on a photographic plate or paper the galvanometer swings in 
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Tig, 5.16ct. — Diagram of density comparator (Bausch and Lomb), Image of spco 
trogram negative C is projected onto photronic cell L. 



^'iG. 5.16&.— Density comparator (Bansch and Lomb). 
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the form of a microphotometer traeiag. The instriiment designed by 
Harrison for use at the Massachusetts Institute of 'Teelmology for the 
measurement of wavelength values includes a photoelectric device for 
measuring line density and recording it in the form of a moving film 
record. 

The principal commercially available photometers for simple plate 
reading include those produced by Zeiss, Bausch and Lomb, and Hilger, 
all of ^vhich are non-recording in character (Fig. 5.16i>). It is suggested 
that certain modifications should be incorporated in instruments for con- 
tinuous analytical -work; for example, an electrically operated screw 
should he used to move the plate along, so that the maximum swing of 
the galvanometer can be observed, and setting errors eliminated. For 
most analytical work the recording type of photometer is not at all es- 
sential since only one or two lines are to be measured and the density 
observed is immediately converted into some other quantitative value. 

AppLicAriox or Qu.vxTTirATivE Spectrogkaphic Analysis 

Gouy, Watteville, Gooch, and Hart (C-j6) had used the spectroscope as 
a means of qualitative identification of potassium, but it remained for 



Fio. 0.17. — Portion of & spectrogram, N, from the quantitative charts in Lunde- 
gardh’s ‘‘Die quantitative Spektralanalyse der Elemeiite” (.laV). Illustration 
shows one fourth of a cliart reduced to two third.s scale. 


Ivleiiiperer (€71) to indicate a quantitative relation between the in- 
tensity and analytical values. Lundegardh has developed quite an 
('xteiLsive .system of quantitative spectrum analysis through the use of a 
tame, are, or spark source. In the application of his solution method 
Lundegardh Iras published data using an internal standard (quite often 
aluiniiium chloride), and measuring the line density with a thermoelectrie 
densitometer. Some ten years later lundegardh published a second part 
to his book (1934) in which he has used an immersion arc and spark 
holder for study of solutions, and included numerous tables of accept- 
alole lines for analysis purposes, especially^ for the rare earths. The data 
by Lundegardh provide the best available material on quantitative 
flame spectra analysis. 
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Influence of Exteaneous Elements 

A small amount of mercury produces a marked effect on the spectral 
intensity of neon in a discharge tube, since the spectrum of neon is prac- 
tically eliminated owing to the low ionization potential of mercury and 
the high ionization potential of the neon atom. This effect has been 
noted by other workers in arc and spark spectra, and an ordered ar- 
rangement of elements has been attempted in which those above a given 
element would tend to decrease the spectral intensity while those below 
would increase the spectral intensity of the element under test. Gerlach 
and Schweitzer {A18, Iff) have shown that potassium chloride could he 
added to a 1:1 zinc chloride-cadmium chloride solution until the solu- 
tion contained per cent of potassium chloride with, no perceptible 
change in the intensity ratio of the zinc and cadmium lines. D. M, Smith 
{C1Q8) also has pointed out that it may generally be assumed that the 
presence of other impurities than the one under investigation usually 
has no effect upon the intensity of the lines due to the unknown element. 
This assumption seems justified for small quantities of the extraneous 
elements (less than 1 per cent). 

Zinc-cadmium and zinc-iron alloys which were carefully analyzed and 
shown to contain a variety of other elements gave satisfactory correla- 
tion in relative line intensities as compared with the standard alloys 
prepared especially for control and known to be free fr'om these im- 
purity elements. From these and other data, Smith concludes that it 
may be generally assumed "that the presence of other constituents than 
the one under consideration has no effe(d. on the intensity of the lines due 
to that constituent." 

On the other hand, T. Negresco (CS,9) states that in a given alloy the 
introduction of a third metal totally changes the sensitivity of the spec- 
trum lines of the other two elements, and cites a copper alloy containing 
10 per cent of manganese and 0.1 per cent of aluminum. In the observed 
spectrum the aluminum lines were practically suppressed. In this alloy, 
hoTvever, the manganese occurs in a comparatively large quantity, and 
thus apparently has a more pronounced effect than if it were present 
only as an additional impurity, i.e., 1 per cent or less. A similar ex- 
ample is the effect on. cadmium lines in a zinc alloy when varying 
amounts of lead and iron, are added . 

Van Someren (Cl 17) has reported the similar effects of some 10 per 
cent silicon in an aluminum alloy, and 10 per cent zinc in a similar alloy, 
both causing a lower intensity in the impurity lines and hence a lower 
speetrographic analysis figure as compared with the chemical analysis. 
As a reversal of this effect it may be pointed out that a small amount of 
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materialj sucli as 0.5 per cent -tin or arsenic in copper, has teen reported 
to cause a marked increase in the density of the copper lines. 

Duffendack, Wolfe, and Smith {C4S), in comparing the intensity of 
barium lines in nickel and nickel-copper alloys, noted that the copper 
had an appreciable effect on the relative intensities of the barium lines. 
These examples thus confirm the general principle that due considera- 
tion must be given to the effects of each substance present on the line 
intensities of all the other substances present. For accurate analyses this 
would involve the preparation of standard or working curves with as 
nearly as possible the same content as the unknown, and, where more 
than one unknown is present in variable amounts, the working curve 
experimentation should include a study of the effect of the variation of 
each constituent on all the other constituent line intensities. 

Such a series of experiments was carried out by Tv^man and Hitchen 
(CHS) in which they studied the influence of iron and copper on the in- 
tensities of nickel and cobalt, using chromium as the internal standard 
(Fig. 5.18). From these data they concluded that, although many com- 
plex factors may take part in the influence of one element on the line 
intensities of another, the effect is not so great but that a direct exami- 
nation of the unknown substance will give the concentration of the con- 
stituents to a first approximation. A series of known standards can then 
be prepared and the influence of the variation of the constituents present 
on the line intensities of each other can easily be determined. This cor- 
rection can then be applied to the original unknown analysis, or, if a 
series of samples are to be run, a working curve may be set up for the 
particular type of material under observation. 

Dufferidack, Wiley, and Owens (047), who have further investigated 
this effect of one element on intensities of another, group these variations 
into two t^^pes : those dependent on solution characteristics, and those 
dependent on elemental interactions in the vapor state in the arc or 
spark, bodium, potassium, and magnesium were found to decrease the 
line intensities of certain elements, while calcium enhanced the 
intensities of the; potassium and magnesium with respect to cadiniiini. 

ISTogativc icjiis are known to have some effect online intensities, and it 
is reported that the chloride ion iiKU-eascs the intensities of lines without 
changing the relative intensitie.s, while sulfate and phosphate ions are 
reported to cause a dt.'crease in intensities without an appreciable change 
in relative intensities. 

Personal observations by the author have indicated that in certain 
substances, such as the chlorides of the alkali-earth metals, a consider- 
able amount of the element is excited as the calcium, strontium, cr 
barium subhalide to give the corresponding diatomic band speetra. In 
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fact, a method for the determination of fluorides has been reported in 
which the salt is mixed with calcium carbonate and arched. The in- 
tensity of the calcium fluoride band spectrum is used to determine the 
amount of fluoride present. Certainly a portion of the alhali-earth metals, 
at least in low-temperature arcs, is excited in the form of the oxide rather 
than the elemental state, and this would apply to the sulfate and phos- 
phate salts which would yield oxides at the arc temperatures. 

A rather important observation was made hy Duffendach, Owens, et 
aL, namely, that the influence of the extraneous element on the line in- 
tensity of the impurity, as compared with an internal standard, reached 



Fig. 5. is. — I nfluence of iron on the working curve for cobalt. Lino pair (.'o .‘140'). l/'Cr 
3403.3. (Twyman and Hitclien [C']7,>].) 

a maximum value, and, hy what might be termed a method of excess, 
i.e., addition of an excess of this extraneous element, it was possible to 
eliminate the necessary consideration of the effect of the extraneous ele- 
ment on the unknown. An excess method sometimes reduces the sensi- 
tivity of the unknown lines by slight changes in percentage comiiositioii. 
This was especially true of the addition of potassium in excess to an un- 
known containing calcium. Other workers in the field of speotroscop>' 
have suggested the possibility of establishing an ordered arrangement of 
elements, much as in an electromotive series, in which the order follows 
the ionization potentials, with the indication that any element might 
have its lines depressed or enhanced by elements above or below it in 
the series. There api^ear to he numerous exceptions to this oi'der, how- 
ever, and further work seems to be necessary in this field. 

Breckpot, Crefiier, and Perlinghi {Co) have recently shown tlint tiie 
addition of quantities smaller than 0.3 per cent of an extraneous (dement 
to a binary system had little or no effect on the relative intensities of thf; 
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binary components, and in some instances as much as 3 per cent was 
added before any measurable effect could be noted. 

To supply further information on this problem of influence of line in- 
tensities, Silverthorn and Brode {CSO) ha^e prepared a series of samples 
of cadmium and zinc, using in the analyses the homologous pairs of 
3252,5 (Cd) and 3345.0 (Zn). The mixtures were made up in an alumina- 
silica base of constant composition, and to avoid chemical reaction the 
salts were either carbonates or sulfates but not mixtures of carbonates 
and sulfates, In the samples studied a mixture of 4 parts of cadmium as 
carbonate with 1 part of zinc as carbonate was mixed with 10 per cent of 
this amount of each of the following metals as carbonates: sodium, po- 
tassium, lead, magnesium, copper, and bismuth. It was found that only 
the last two in this concentration had an appreciable effect on the rela- 



Kici. fj.U). Intlueiice of Biand Cu on the Zn.'Cd line ratio fearbonate.s) ( Brode and 
Silverthorn KBO]j. 

t iv(‘ intensity of the Cd-Zii lines, and their effects were in opposite direc- 
t ions. The presence of copper reduced the mtensity of the Zn line as com- 
pared with the Cd line (Fig. 5.19). Bismuth, on the other hand, reduces 
the intensity of the Cd line as compared with the Zn line. 

It has been noted that the variable elects are produced at concentra- 
tions slightly below 2 per cent of extraneous metal, and, in the samples 
studied, the effect becomes fairly constant above a concentration of 
about 5 per cent of extraneous metal. The same type of effects has been 
noted in studies which have been made (C2/) on the effect of large 
amounts of iron on the suppression of the sensitivity of the boron lines. 
From these studies of extraneous-element influence on the relative in- 
tensity of line pairs it would appear that the effect is limited to certain 
concentration ranges and that on either side of th(' s('nsitive iTgion the 
effect can be considered as constant in character. It has also been shown 
that the effect may be positive as avoII as negative with regard to the iii- 
fluenee on line intensity. 
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TABLE 5.5 

Effect op Various Amounts op Copper as the Carbonate on the 
Cd-Zn Line Ratio 


Line Intensity 


Composition of Samples 

Cd 

(3252.5) 

Zn 

(3345.0) 

Differenee 

1, Cd-Zn mixture 

8.1 

9.5 

1.4 

2. Cd-Zn mixture - 1-10 % Cu 

8.1 

8.8 

0.7 

3. Cd-Zn mixture -+-5 % Cu 

8.5 

9.2 

0.7 

4. Cd-Zn mixture + 2.5 % Cu 

7.6 

9.0 

1.4 

5. Cd-Zn mixture - 1 - 1.26 % Cu 

8.0 

9.6 

1.6 

6. Cd-Zn mixture + 0 . 625 % Cu 

7.7 

9.4 

1.7 

7. Cd-Zn mixture - 1 - 0.312% Cu 

7.5 

9.0 

1.5 

S. Cd-Zn mixture -f 0.156% Cu 

7.0 

8.6 

1.6 


Choice of Internal Standards 

For complete quantitative analyses it is recommended that working 
curves be prepared in which the extraneous elements are in equivalent 
quantity to that of the unknown series, and, where some doubt exists as 
to their effect, a set of working curves should be prepared with different 
concentrations of the extraneous elements. It is therefore impossible to 
publish satisfactory working curves for general application although 
each individual worker can rely on them for the particular problem for 
which he has prepared the proper standard series. The spectrographic 
analyst can be assisted, however, by the publication of lists of pairs of 
lines which are known to furnish satisfactory data for analytical working 
curves. Lundegardh {A52) and Gerlach {A19) have published such lists. 

Other methods which have been suggested for the intensity determina- 
tion of lines in an emission spectrum include the direct measurement of 
line intensity by means of a monochromator and photoelectric cell 
system, and the use of a moving plate on a known amount of sample in a 
controlled arc so as to measure the duration of the line in thi; arc. Neither 
of these methods is integrating in character, as is the photographic plate, 
and therefore they depend on sufficient intensity of the line to affect the 
cell or the momentary exposure which is given to the plate. 

One might classify the methods of quantitative analysis as follows: (1) 
the length of lines in the spark discharge, (2) the number of lines re- 
corded on a plate after a controlled exposure, (3) the intensity of lines on 
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a plate (Figs. 5.20 and 5.21), (4) the time for disappearance of lines in a 
standard arc, and (5) the direct photoelectric determination of line in- 
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-K 
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Fio. 5.20. — Standard spectra for determination of working curve for potassium in 
leaf materials (Cu internal standard) (Brode and Wander ). P. 
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.0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 
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Fkj. 5.21, — Working curve for pota.ssium. K 4044.1.’Cu 4022.7. (Brode and Wander 
[(’.i?]). Ordinate indicates difference in line length. 


tensity by meaiLsof a monochromator. Of the variou.s methods the second 
(number of lines on a plate [Hartley]) is the earliest. The most successful 
results have involved the third method (intensity of lines on the plate). 
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Special. Notp 

Users of spectrographie methods of analysis, including those engaged 
in non-profit research as well as those working upon commercial ap- 
plications, should be cognizant of the existence of U. S. Patent 1,979,964 
(application made March 14, 1932, and granted Nov. 6, 1934 (CQ^).) 
The claims include the following: 

1 -Themethod of quantitative spectioseopicanalysis \\4ich comprises the following 
steps: establishing an. arc current between, electrodes comprising the unknown 
material of a value such that the intensity of spectral lines does not vary niatcriallv 
with nnavoidahle fluctuations in arc current, recording the spectrum of the arc, 
measuiung the ratio of intensities of a pair of lines in the spectrum by comparison 
of the strengths of the corresponding recorded lines, repeating the process with a 
series of electrodes containing the same kind of material but of known analysis, 
making use of the same spectral lines, evaluating the ratio of intensities obtained 
from the unkno’vn material in terms of percentage of an element producing one of the 
lines by comparing the ratio of intensity of the unkno'sv'n with the ratio of intensity 
of said known specimens. 

In following claims the use of a spark and luminous discharge are cov- 
ered as well as the recording of the spectrum on a photographic plate. 
In view of the large amount of previously published work in the field 
of spectrographic quantitative analysis, much of which is referred to in 
the patent, it seems unfortunate that a patent claim should be granted 
which rather effectively covers the fundamental principles involved in 
this analjdical field. (See also U. S. Patent 2,043,053.) 
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RESOI^ANCE AND CHEMICAL STRUCTURE BU) 

CbinpcLred with tlie simpler di-, tri-, aad symmetrical polyatomic com- 
pounds described in Chapter II (p. 22), the more complicated uiisym- 
nietrieal absorbing molecules produce a very complex resonance and 
spectrum. It is difficult to set up exact limitations, for rules and effects 
vliich may apply in one case may not in anottier. With the exception of 
certain colored ions it is usual to hare a immher of atoms together, rather 
than a single atom, as the nucleus or resonating system. This nucleus of 
resonating atoms is kno'Rm as the chwmophore of the molecule, and a 
molecule containing such a group of atoms is known as a chrom ogen . The 
shift of an absorption hand as a result of some external action on the 
chromophore is termed a hypsochromic effect if it involves a shift to 
higher frequency values and a hathochromic effect if it involves a shift to 
lower frequency values . 

It is sometimes difficult to define precisely the size or sphere of in- 
fluence of a chromophore, especially when the molecule contains a large 
iiuraher of similar atoms, as do the organic compounds. All atomic link- 
ages such as C— H or 0 — H will have resonating properties and will 
produce absorption spectra, hut these simpler linkages produce effects 
which are to be found only in infrared, Raman, and extreme ultraviolet 
spectra (see section on infrared spectra). Within the visible, the near in- 
frared, and the photographically available region of the ultraviolet, the 
simplest absorbing or resonating groups all seem to involve two or more 
atoms coupled together by the sharing of four rather than two (dectrons. 
The commonly known chromophores include C—C, C=N, C-~0, N— O, 
C=S, etc. In such groups (Fig. (l.lu) it is to be noted that there is 
apparently an outer satisfied shell surrounding the entire unit of the two 
carbon atoms, hut that within the completed shell there is a condition 
which the organic chemist terms unsaturation. The molecule is capable 
of absorbing additive substances such as Er.*, HoSO.^, etc. This uii- 
sat muted or resonating nucleus, as Pauling has shown, is capable of 
vibrating in certain predetermined resonating systems. 

To appreciate more fully the conditions involved in molecular vibra- 
tion and absorption it is essential to consider the nature of the binding 
between atoms. The atoms constituting a molecule may Ix' held together 
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by either electro valent or covalent forces. Polar or elect rovalent eoiiibi- 
nation is the result of a complete transfer of an electron from one atom 
to another, and the binding or. holding force results from the electro- 
static forces of the oppositely charged ions. Non-polar or covalent com- 

Tig. 6.1 

Electronic Conventional 

rormula Formula 

H H 

(а) C I C C'Ha—CHa 

H ‘ ■ H 

H 

(б) ‘c;X:H CH 2 =NH 

H 

H 

(c) ‘ c ; o ‘ CRj=o 

H 

id) CsHj : N ; N : aH* 

bination is the result of sharing of electrons so that they are common to 
the outer shells of both atoms (Fig. 6.2) . The sharing of electrons to form 
covalent structures may involve two, four, or six electrons, hut there is 
no evidence for the sharing of an odd number of electrons such as one or 
three (C92). 
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Electrovalence is of little importance with regard to the color of the 
molecule or resonance between atoms since this ionic binding tends to 
separate the two parts into complete shells which are not rigidly held in a 
definite orientation. Covalent bonds, on the other hand, involve the 
direct binding in fixed orientation of the atoms and the ability to resonate 
or vibrate as a unit. Electrovalent structures may result in a change in 
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the color through an alteration of the covaleat forces of one of the atoms 
invoh^ed in both electrovaleiit and coralent combination. 

CovAiENr Bo^'ds 

Covalent structures may result either from the furnishing of one elec- 
tron by each of the atoms to form a pair which is shared hy both shells to 
yield a completed octet, this covalent stnictnre being known as the 
normal type; or covalent structures may be formed by the donation of 
two electrons of one atom to another atom with six electrons to result in 
completed outer octet shells. This latter type of covalence is termed a 
coordinated bond or valence, the two atoms being designated the donor 
atom and the acceptor atom. In the comhination of halogen acids with 
ammonia one finds examples of the covalent and electronic binding in 
which the hydrogen is coordinately bound to the nitrogen. Definite 
rules can be established governing the valence relations in molecular 
formation. Ionic valence may take place between two atoms, two 
radicals, or an atom and a radical (Tig. 6.3). It should be noted in the 
case of ionic valence involving radicals that it is the radical as a whole, 
and not any one atom, which has the electrical charge and acts as the 
individual element. 
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Covalent bonds, as has been indicated, may exist either as the norma! 
covalent link or the coordinated link (depending on whether one or both 
of the sharetl electrons come from the donor atom). If both the shared 
electrons come from the donor atom the resulting compound will consist 
of two pints, ill one of whieh (the acceptor) the po.sitive charge will be 
decreased, and in the other (the donor) the positive charge will lie in- 
creased. If only one electron eoriiesfroin the donor atom there will be no 
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change in the charges in the two atoms and a true covalent bond is said 
to exist. Coordinated valence is thus partly covalent and partly ionic 
in character, one of the shared electrons being considered as covalent 
and the second as ionic. The latter bond is sometimes referred to as an 
intramolecular ion (zioittenon), and the binding of the two atoms as seini- 
polar. 

Examples of coordination and covalence are furnished by the cornhina- 
tion of NKs with BPs, and CHa + with Cl “ (Fig. 5.4). The arrow serves 
to indicate the electron shift from the donor to the acceptor atom 
(A— >-B), sometimes indicated in the literature by -f and — for donor and 
acceptor, respectively (A — B). 


Fig. 6.4 
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When the electronic structure of a compound can exist in two or more 
forms of nearly equal energy content, resonance is possible and the rela- 
tive stability of the two forms will determine the distribution in the 
equilibrium mixture. Resonance involves the same molecular structure 
with only a shift in the electronic distribution and should not be con- 
fused with tautomerism or dynamic isomerism which involves the 
equilibrium between compounds of the same molecular formula hut 
different atomic distribution (Fig. 6.5). 

The various resonance forms arising from this dynamic cdectronic effect 
are known as eledromers, just as the forms arising from dynamic isom- 
erism (tautomerism) are kuown as tautomers. The electromers may be 
indicated as the neutral and active forms, the neutral ones usually being 
indicated by the simple bond formulas and the active ones requiring 
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electronic or charge indications. In the single sharing of electrons as in 
R — OH, the oxygen may act as donor group transmitting an additional 
electron pair to the C or the R group and thus forcing a redistribution of 
electron concentration in the R radical. In phenol, the distribution will 


Fig. 6.5 
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result in a concentration of electrons at the ortho and para positions and 
thus activate these positions towards groups capable of receiving electrons. 

There are, of course, many ways in which the above effects may be 
indicated. Another method of presentation involves the electron spacing 

TABLE 6.1 

Residual Single Bond Energies (Volt- 
Electrons) AND Refraction Con.stants 


Bond 

Energy 

Refraction 

H-^C 

4.32 

1.70 

H->N 

3.89 

1.80 

H-^0 

4.75 

1.85 

H-^CI 

4.38 

6.67 

H-^Br 

3.74 

9.14 

c-»c 

3.65 

1.21 

C->N 

2.95 

1.55 

C->0 

3.55 

1.43 

C-^Cl 

3.41 

6.57 


in the molecule. It may be assumed that in the normal or neutral state 
the electron pair occupies an intermediate position between the sharing 
atoms, A : B, but that the active position would involve the shift of the 
electron pair, e.g., A: B or A :B. Increasing electron concentration on A 
will induce electron release more readily on those atoms alternate (ortho) 
to A. It has been possible through a study of chemical data to calculate 
the electron distribution between various covalent linkages, the energy, 
and the refractive index factors for simple coordinated diatomic struc- 
tures. Reasonably good results are obtained in the prediction of refrac- 
tive index values from the additive effects of these components (Table 
6.1), but it must be remembered that these are for a limited number of 
wavelength values. There is a close tie between refractive index and 
absorption spectrum, and it would be e.xpected that any such system of 
prediction which would permit the indication of refractive index for 
various wavelength values would also serve to predict the absorption 
spectra of the compound. 

An important point to note in this discussion is that electrons in their 
rearrangement shifts to form electromers move in pairs, and there is no 
good evidence for the existence of electromers involving shai-ing of one 
or three electrons. Single bonds will thus indicate the sliaring of two 
electrons, double bonds the sharing of four electrons, and tripk; lionds 
the sharing of six electrons. Compounds involving tlie sharing of four or 
six electrons (double and triple bonds) will have these sharing atoms 
closer together than the corresponding linkage involving the sharing of 
only two electrons (single bond). Single bond coupling, especially be- 
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tween like atoms such as the C — C linkage (a), will be less readily polar- 
ized than the corresponding double bond, C=C (h), and triple bond, 
C=C linkages (c). In the three examples mentioned, the normal and 
active or polarized structures may be indicated as: 


Normal 


(a) 


-C-C- 

/ \ 


Fig. 6.6 

Normal and polarized structures 
Polarized 


Nc-c^' 
/ \ 


or 


i ! 

-C-G- 

I I 


(6) '^C=C^ ^C—C^ ~~G : C— or 

/ \ / \l\ / \/ \ 


- + — ++ — 1 -++ 

(c) -C=C- -C=C- -C-C-,— C :C-, or-C=C— ,-C£C- — C£C- 


or using a bond ( — ) for shared electrons and only indicating unshared 
electrons, (c) becomes: 

_C=C- -C^C- -C-C- -C:C- 


Cheh-^te Rings 

The ability of neutral molecules to donate electrons results in the for- 
mation of coordination compounds which are neutral stable structures. 
This coordination may involve two parts of one molecule reacting to- 
gether, or the combination of a donor and acceptor molecule. In those 
cases where the two parts (donor and acceptor) of the same molecule 
react together, or there is an interaction between two molecules, each of 
which contains a pair of donor and acceptor electrons, there will be 
formed a ring structure which is known as a chelate form (Fig. 6.7). 

0 


0 

Cu 

I N 

Cl + 

CH..-NH. I XHj— CH, 

i \! / i 

I Co I 

! /i \ i 

CH.,-NH2 i XHj-CHs 

Cl 


Fig. 6.7 


M-- 

■n 


CH.- 

XH; 


O-^H-0 

cn-i—c^ ^c— CHs 
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In so fai' as chelation is involved with a hydrogen atom we may term 
the effect a hydrogen bridge. The hydrogen bridge may thus represent 
the intermediate point in the migration of a hydrogen atom and the 
equilibrium shift in such a tautomeric equilibrium as the enol-keto 
tautomerism or benzenoid-qninoid equilibrium (Tig. 6.8). 

Fig. 6.8 

N— OH 

r Y" r° ^ ff'Y - 1^' 

YYV/' ■\YNY' YXV 

O H O— H 

II ! ( II I 

CHa—C— C— COOll CHa— C— C~CO01l CH 3 — C-=C— COOR 

The salts of such enol forms may be ionized in the normal way, or, in the 
case of coordinating properties of the metal salt-forming group, a chelate 
structure may be produced. 

Multiple Rebonapoes 

The combination of two or more resonating groups may result in an 
increase or decrease in the activity of the entire system. In general, there 
is an increase in activity when the resonating groups are separated by a 
single bond connection as in Tig. 6.9, and an active or polarized form of 
the neutral molecule will possess two opposite groups at the ends and a 
neutral portion in the center. 

Fig. 6.9 

Coinbhiatiojis of Resonating Clroups 



R— C= 
1 

-0 

T 

II 

0 

:i==o 


\ 



Y 
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Y 


Y 

1 1 

Y 

1 i 







(«■) 

A— 


HO— C--0 

1 


'U— C- 




1 

II 


1 

It 

(&) 

0 

11 

! 


R,C=cQ3 



(c) 

A=:B— G-D 


E— cCb— cQi- 

-R 



In the simplest type of polyfnnctional electromeric system involving 
two resonating systems, the structural and resonating formulas may be 
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indicated as k. — R=C (Fig. 6.9). The ease with which the donor atom 
or group releases its electrons will determine the degree of equilibrium 
between the polar and normal form. In a comparison of a series of related 
A — B=C eases such as the above formulas, it is evident that in the 
acid (a) little if any carbonyl structure is present , while in a ketone the 
carbonyl structure is predominant. 

CxJMULA-TIVE RnSO^fATORS 

In those compounds containing two resonating systems each of which 
is produced by a double bond, the simple allene may be indicated as the 
resonating structure A=B=C. 

Tig- 6.10 

CH,=c3iHo- 1-A— B -.rCH2=C=CH,n ->CH2==C— CHs 

L A B J A B 

Since only one of the two resonating groups is activated, addition will 
take place either 1,2 or 2,3 but not 1,3 (Fig. 6.10). Other examples of 
this type include ketenes in which the oxi’^gen acts as an acceptor from 
the carbon and in turn as a donor to a reacting substance which adds to 
the oxygen and adjacent carbon. In general, it may be said that similar 
resonating groups attached to the same atom neutralize, in part , rather 
than amplify the resonance of the molecule. 

CoxjUG.vrED Resonators 

When two or more resonating systems are joined by a simple covalent 
linkage involving the sharing of two electrons, the resonators are said 
to be conjugated together. The simplest examples, A=B — B=A, involve 
like groups, although the same effects are noted in mixed s%’stems such as 
A=B — B— C. The following are examples of such resonating com- 
pounds: 

Fijst- ti.l 1 

(a) ih) 

A=B— B=C 

(1) 0~C- C^=~i) (3) 0--C— C=-XOH 

II R ir H 

(4) C'-=( ' -C 'OOll 

I I ; 

II H ll 


(2) H(’H--CTI— (TT--CnR 
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(5) 


( 6 ) 


Fis- 6.11 (Coril.) 

(c) 

A-=B— C=D 
0==N— C=CR, 

CH—CH 

R— N=X— C H 
CH=CH 


The conjugated compounds generally show a marked increase in 
resonance and activity over that which would be predicted from the 
sum of the component resonators. 

The resonance energies for some of the conjugated systems (Table 
6.2) indicate an increase in energy which is greater than the increase in 

TABLE 6.2 

Rbson'.a.noe Emekgies of CoN.iuaATED Systems 
(Pauling and Sherman) {€9S) 

1,3-Dieiie.s 8.0 Fulvene 15.0 Naphthalene 74.7 

liSiS-Trienes 16.7 Benzene 37.3 Pyridine 43.1 

1,3,5,7-Tetrenes 25.1 Stilbene 64.3 Furaii 21.4 

similar nonconjugated resonating groups. By comparison of properties it 
is to be noted that the 1,3 (conjugated) dienes (double bond or resonat- 
ing groups) are different from the 1,2 and 1,4; dienes in which the double 
bonds are not conjugated together. The 1,5 diene shows essentially the 
same properties as the two monoole&ns it would form if it were split 
apart at the third position. Benzene may be considered as a c.onjugated 
ring, and much of its stability is ascribed to the alternate double Ijoncl — 
single bond structure. 

Unsaturated ketones of the formula IT' — — CV C) h(hong to 

I 1 I 

H hi li' 

the same type of resonating systems, especially when sonui r<^sc>iiating 
group occupies the position. Such groups as H or CiHg inhibit the 1,4 
addition reaction which is characteristic of conjugated unsaturation, 
but resonating groups such as C^Hs, OR, and ]MIt 2 markcully iiic!r(‘ase the 
yield when occupying the U' position and inhibit the rf;iLcti()n wIk'o in 
. the R'' position. 

As a color-producing and absorbing system, the conjugated systems 
involved in 1,2 diketones and 1,4 unsaturated diketones arc (jf great im- 
portance. In aromatic compounds these are represented as the oiUkj and 
para quinoid resonators (Fig. 6.12). 
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111 the quiaoid structures one notes the same effects as ia the 1,3 con- 
jugated unsaturated compounds previously described. Acceptor groups 
such as H — and CHs — induce activity and resonance vrlien attached to 
the center of the resonator, vhereas OR — groups (donor) reduce activity 
and inhibit resonance of the quinoid structure. The — OH and — NH 2 
radicals and their derivatives, because of their marked influence on the 
resonance of a system, when attached ia the proper position have been 
termed auccockromes, or color-enhancing groups. The' colored forms of 




nearly all aromatic dyestuffs can be indicated by resonance between 
certain quiaoid and chromophoric forms. The activation of the ortho 
and pora positions of aromatic compounds through the presence of these 
groups is another demonstration of this conjugated activity enhance- 
ment. On the other hand, such radicals as — NO or — ISTOa activate rneta 
positions in an aromatic nucleus, since they are the opposite in electronic 
properties from the — OH or — NH 2 radicals. 


Free Radicaus 

One other form of resonating system, known as a free radical, should 
be considered. A free radical, such as the triphenylmethyl, (C 6 H 5 ) 3 (’, 
violates the accepted chemical principle of even-numbered electrons or 
shared pairs in a substance capable of separate existence. As might be 
p.vpected, these radicals are not verv^ stable, and as acceptors they appear 
to he highly unsaturated molecules. The negative character of the aryl 
i-adicals in part offsets the lack of a negative charge sufficient to satisfy 
the positive proton charge so that the triphenylmethyl chloride is ca- 
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pable of ionization to yield a colored anion. The free radical produced from 
the triaryl compound is also colored, although not so deeply. The singlet 
electron in the free radical is distributed over the entire system through 
the effect which may still be termed resonance. The colored ion repre- 
sents a positively charged body in which there is a corresponding de- 
ficiency of one electron in the outer shell. Like the free radical, this anioa 
has a surrounding group of negative aryl radicals, and there is a tendency 
to the formation of a resonating system and the corresponding absorp- 
tion of energy or the production of color, it being an experimentally ob- 
served fact that resonating systems absorb more energy than would be 
normally predicted from the sum of the vibrational energy of their 
various component units. 
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ABSORPTION SPECTRA 

Antj^ltsis op Spectra, of Complex Molecules 

The complexit}" of diatomic spectral analysis becomes, in appearance, 
very simple when one attempts any exact mathematical analysis of the 
more complex molecnles. A few triatomic and higher molecules of sym- 
metrical nature, such as carbon dioxide, carbon disulfide, formaldehyde, 
and phosgene, have yielded to some degi'ee of analysis (Fig. 7.1), but the 



very symmetrical benzene molecule, although it gives a remarkably 
well-defined absorption spectrum in the vapor state (Fig. 7.2fl-.4), has 
not yielded to a satisfactory interpretation of its spectrum. It seems quite 
apparent from a study of the absorption spectra of many of the highly 
coin plicated molecules that there is a transition from what one might call 
the atomic-electronic spectrum to a true molecular spectrum involving a 
resonance or vibration of the molecule as a whole. In these larger mole- 
(nil(‘s the resonator or vibrator appears to act in accordance with the 
geiic'ral hnvs involving harmonic vibration such as might be applied to 
la'sonntors, strings, reeds, or other nieclianieally vibrating bodies. It 
must bo admitted, however, that there is no sharp dividing line between 
atomic and molecular vibration as indicated, but for highly complex 
organic and inorganic resonators there is considerable value in a har- 
monic resonating theory. The nature of most molecular compounds pre- 
cludes emission spectra, so that our discussion in this field will be con- 
fined to absorption spectra. 
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The recording of absorption spectra of complex molecules on a fre- 
quency scale will, in general, show a simple relation between the bands if 



riG. 7.2a. — Band spectra of benzene, A vapor (upper) B solution in alcohol 
(lower) U. 



IIOO 1100 1300 

Tig, 7.26. — Graphical analysis of solution (upper) and vapor (lower) spectra of 
benzene. 

two or more are present- The seven bands of benzene (Fig. 7.2) show a 
uniform separation so that they could be considered as harmonics of a 
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fiindaniental vibration of 30.2 f. The difference bet^'een the absorption 
spectra of benzene in the gaseous state and in solution is largely due to 
the modifying and dampening effects of the solution which, because of 



Frc. 7.3. — Influence of solvents on absorption hands. Absorption spertra of phenol 
ill alcoliol ( ) and in hexane ( ). (Kliugstedt 



Fui. 7Aa . — The analysis of ulxscrved absorption bands into eoinponent curv'e.s. 

Thi' above curvi^s repre-sent the ah.sorptioii spectra of plxenylazo-o-cresol (o), aiai 
o-tol3’laz{)-i//-(*i'e.sol (a-t/i) in a 3 per cent aqueous .solution of sodium hydroxide. The .r 
marks on the graphs indicate values obtained from the addition of the component 
bands A' and B'. (Hrocle It'i;?).) 

close proximity of the moleculos, prevent an uiihimlertMl vibration so that 
the average position of vibration will be recorded with a decrease on each 
siele of this position. This averaging effect is more inarbed in polar than 
in non-polar solvents (Fig. 7.3), sueh as alcohol and hewatun 
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TABLE 7.1 

Analysis of the Absorption Spectba of the Cobalt Halides int the Coerb- 
SPONPmG CON-CENTBATED HaLOGEK AcIDS, AS BaSED ON A CONSTANT ! 

Difference (Brode and Morton {G8, C^S]) 



Colialt Chloride 

Cobalt Bromide 

Comparison J 
between Chloride 
and Bromide 
Systems 

(Band Intensity) 

Cobalt Iodide 

Multiple 
or Ea-iid 
Number 

Frequency Differ- 
ence of 12. 28 

' 

Frequency Differ- 
ence of 11.7 

Frequencf 
Difference of 
10.79 


Calcu- 

lated 

Ob- 

served 

Calcu- 

lated 

Ob- 

served 

Bro- 

mide 

Chlo- 

ride 

Observed 

a 35 

430 

432 

409 

408 1 

-f-sss 

4sss 

377 

h 36 

442 

442 

421 

418t 

4-ss 

-^ss 

388 

a 37 

464 

450 

433 

430 1 

4-sss 

4-sss 

399 

d 38 

467 

465 

444 

442 1 

-fss 

-f-ss 

410 

e 39 

479 

478 

456 

455 1 

-fss 

-fss 

420 

/ 40 

491 

491 

468 

465t 

+SS 

4-ss 

431 

d 41 

503 

505 

479 

476t 

-fs 

4-s 

— 

42 

515 

— 

491 

492t 

4- 

4 



43 

527 

— 

503 

501 

4- 

-? 



44 

540 

543 

514 

516 

4- 

4- 



45 

552 

— 

526 


— 




46 

365 

561 

538 

535 

+s 

-fss 



47 

577 

— 

549 

— * 

— 





48 

589 

593 

, 561 

561 

-f-ss 

4-s 



49 

602 

— 

573 

— * 

— 




50 

614 

610 

584 

— * 







51 

626 

— 

596 

— « 

— 





52 

638 

? 

608 

610 

+ 

? 



53 

651 

— 

619 

— * 






54 

662 

664 

631 

; 631 

4-ss 

4-s 



55 

675 

677 

643\ 

i 649 

/4-ss 

4-s 



56 

688 

— 

654/ 

\ ? 




57 

700 

704 

666 

664 

4- 

-f 



58 

712 

— 

678 






59 

724 

— 

690 

690 

4-a 





60 

! 735 

— 

701 

— * 






61 

I 747 

■ ’ 

— 

713 

1 

714 

i 

4-s 

— 

— 


* It will "be noticed that from nmltiples 35 to 42 the sequence of component bunds is uninterrupted, •' 
whereas from multiples 43 to 61 about half the components are niiasiiig. The failure to detect these 
bands may lessen the cogency of the conclusion that all the bands fall into one series, hut the absence of 
the same multiples in both the chloride and bromide series tends to comitcrbalunce this ■wenkiies.s in 
the argument. 

t Based on analysis in Fig. 7.46. 

t Relative intensity as compared to adjacent bands is indicated by s, ss, or sss . -f indicates apparent 
presence as indicated by a maximum or inflection in the absorption curve, -indicutes apparent 
absence or no indication of a maximum or inflection. 
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The averaging effect produced by solution interference and molecular 
irregularity, in reality, results in a simplification of the spectral data, 
although the baud widths are such as to overlap in nearly all cases. The 
overlapping of bands does not always prev'ent a reasonably accurate 
analysis of the component structures and application of the data. The 



Fig. 7.4b . — Absorption spectrum of cobalt chloride in concentrated hydrochloric acid 
and its analysis into component bands (Erode [C^]). o - Observed; x = Calculated. 

complex band of cobalt chloride, in concentrated hydrochloric acid as a 
solvent, has been sho"?vui to consist of a number of component parts 
(CS, C2S) (Fig. 7.4b) and has been resolved into its component structure. 



I'lG. 7.4:c. — .4.bsorption spectrum of cobalt bromide in concentrated hydrobroniic 
acid and itis analysis into component bands (Erode and Morton [C';?S]'). o = Observed; 
•v = Calculated. 

it can be shown that there is a uniform frequency separation, of 12.28 f 
between adjacent nieinbei-s, and further, that the frequency of each com- 
ponent is a multiple of this frequency of separation (Table 7.1). As an 
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expansion of the system, more concentrated solutions of cobalt chloride 
were examined with an extension of the multiple frequency spacing to 
the fifty-seventh harmonic. A further examination of the bromo and 
iodo derivatives of cobalt in their corresponding concentrated halogen 
acid solutions revealed a similar system with multiple frequency differ- 
ences. The differences were lower in accordance with an increase of 
molecular weight of the halogen complex (Table 7,1), but the multiple 
values for the first and the intense bands remained the same. All these 
separate smaller bands may thus be considered as the components of 



Pig. 7 Ad . — Absorption spectrum of cobalt iodide in concentrated hydroiodic acid 
and its analysis into component bands (Brode and Morton [C 28 \). o - Observed; 
X = Calculated. 

larger bands, and these larger bands in turn possess multiple relations 
with other principal bands. 

Weighting Effects in Rare Earth and Inorganic Compounds 
Although there is a marked similarity in the spectra of the rare earths 
and other inorganic materials such as the cobalt salts, the absorption 
spectra of the rare-earth compounds deserve separate consideration. 
From a study of the electron assignments of the atoms it is to be noted 
that the rare earths possess an incompleted 4/ group in the N shell while 
possessing at the same time completed 5s and 5p electron groups in the 0 
shell and the same outer configuration in the P shell. As might be pre- 
dicted, the absorption bands of the rare earths undergo considerable 
narrowing and sharpening as the temperature is lowered so that at 
liquid-air temperatures the bands may be less than an angstrom in 
width (Fig. 7.5). At low temperatures the atom does not exist in higher 
states than the ground state, and hence some of the lines will disappear. 
The continuance of absorption at low temperatures gives some indica- 
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tion that the absorption is due to the atom rather than the molecule, 
except that the change of molecular composition, as is also true of other 
organic and inorganic molecules, results in a shift of the absorption 
bands, although this shift is not so pronounced at low as at high temper- 
atures. Although there is some evidence that the absorption bands of the 
I’are earths originate in the atom, it is also apparent that the bands are in- 
fluenced by the atoms in combination with the rare earth, and the same 
effect is apparent in other inorganic color-producing elements. In the rare 
earths, the incompleted shell is well within the atom and protected from 
some of the surrounding influences by additional electron shells. The 
color, or light absorption, produced involves a transition from a higher 
level to this incomplete level. The addition of certain protecting groups 



Fro. 7.5. — Absorption spectra of praseodymium acetate at room temperature, (top) 
and liquid-air temperature (bottom). Neon spectrum in middle. P. 

around the atom in the form of anions serves further to protect and to 
prevent the external disturbance of the resonance or electron shifts. 
At lower temperatures, additional protection is afforded in the reduction 
of molecular vibration, and hence sharpening of the bands, since the 
energy jumps will become more uniform and constant with a reduction 
of the outside disturbing factors. 

If outside disturbing forces could be minimized, it would be expected 
that nearly line-like components of the band structure would be resolved 
in the spectrum. Cobalt chloride in concentrated hydrochloric acid i.s 
an example of this type. There is an apparent reaction of 

CoCU-f- 2HC1 = [CoCb] - 2H- 

the cobalt being completely surrounded by the four chlorine atoms and 
the whole molecule acting as a single vibrating unit, in which the in- 
complete shell is buried within the molecule in the M or shell. In a 
solvent consisting essentially of Cl~ and H+ ions this tetrahalogen com- 
pound is quite free from outside influences and exhibits well-defined band 
structure (Fig. 7.46). 

The change of the external mass or protecting shell of the vibrating 
nucleus without altering the mass of the inner atom produces quite a 
tlifferent effect from that produced in going from one member to another 
in the rare earth series, where the inner mass is altei’ed without changing 
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the electron configuration or Aveighting beyond the partially filled shell. 
The changes in the spectrum resulting from addition outside the ehro- 
mophore, or vibrating nucleus, rather than from changes within, may be 
classified as (a) changes in frequency, and (b) changes in intensity. From 
simple mechanical principles it would be expected that the mere weight- 
ing of a vibrating body would decrease the frequency with which the 
vibrating body oscillates (Fig. 7.6). The change in frequency of an ab- 
sorption band towards lower values as the result of the addition of some 
weighting group, without the change in the spectral appearance, is evi- 
dence that the added group is directly connected to the vibrating nucleus 
and actually forms a part of the vibrating body. 



Pig. 7.6. — Change of frequency difference between component bands, in thci 1,6 
series of (CoEnaXj)^, caused by a change of halogen substituent (Erode and Ern,s- 
berger [C2S]). 


It does not necessarily follow that all elements or radicals transmit 
their weighting effects to the nucleus to which they may be attached. 
There are many groups such as the methylene ( — CHs— ) which act as a 
cushion or shock absorber by failing to transmit vibration from one part 
of the molecule to another, whereas an ethenylene linkage ( — CII=CH — ) 
not only transmits vibrational effects, but, in many cases, acts as a reso- 
nating or amplifying system to enhance the spectrum intensit^^ Such 
elements as oxygen, nitrogen, and sulfur often act as weighting elements 
in themselves, hut the effects of groups attached to them are not tiuns- 
mitted. Examples of this type are shown in the lithium, sodium, po- 
tassium, rubidium, and cesium, series of cobalt glasses where the chromo- 
phoric complex is accepted as 





o 


• 4Xa^ (Li . . . <'s) 
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and where the change in. the metal from lithium to cesium does not ap- 
preciahly effect the frequency of the vibrating system. A substitution, 
however, of sulfur for oxygen causes a marked shift to lower frequency 
{C15). A similar case is that of the cobalt pyridinium and quinolinium 
halides in which the absorption bands of the two salts 


rPy cn 

++ 

rQ cn 

\ y 


\ .T 

Co 

• 2C1- and 

Co 




LPy CiJ 
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(Fig. 7.7) have approximate^ the same frequency, whereas the intro- 
duction of bromine in place of chlorine in each of these compounds to 
produce 
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result ill a weighting shift since the halogens are directly attached to the 
cobalt, whereas the additional carbon and hydrogen atoms in quinoline 
are attached through the nitrogen and not dii*eotly to the cobalt. 



In;. 7.7. — Tin; absorption .-spectra of cobaltous halides in quinoline; - CoCl.;; 

. CoEr,; , Cols- ISearly identical curves were obtained from cobalt 

quinolinium halides in quinoline and cobalt halides and cobalt pyridinium halides in 
pyridine. (Erode [CIS].') 


Tlie second (b) type of effect resulting from the change of e.xterior 
weighting of a chroinophore involves the relative intensities of the bands 
which ai-e components of the absorption spectrum. This effect is involved 
in relative intensities of components and is apparently more a function 
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of electronic forces than of mass, the greatest effects being obsei"ved in 
those compounds which, have their nuclei or conjugated center at a 
greater distance from the chromophoric center. In comparing the absorp- 
tion spectra of the cobalt halides (Fig. 7.4) it is to be noted that, in addi- 
tion to the shift of frequency due to a weighting effect, there is also 
an enhancing effect involving a concentration of the major intensity 
in the first component of the series of bands. The same effect is to be 



Pig. 7.8. — Absorption spectra of co- 
balt oxide in lithium oxide-, sodium 
oxide-, potassium oxide-, and cesium 
oxide-boric oxide glasses. (ISrode [CIS].) 



Fig. 7.9. — Absorption of o, w', and 
»^-methylphenylazophfinol in 3 per cent 
NaOH solution. (Erode [(-!"}].') 


noted in the derivatives of henzeneazophenol {CS) (Fig. 7.9) in which 
a shift of a methyl, nitro, or halogen group from meta to 07^tho to para 
positions in the ring results in a corresponding shift of the intensity 
center to the first or principal hand. The shift of intensity in the alkali 
oxide series of cohalt glasses is another example of the same effect (Fig. 
7.8). (See also Fig. 10.5-10.8 for similar effects in infrared spectra.) 
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Chromophores 

111 tie classification of colored or absorbing sy'stems it is customary to 
ascribe to a certain part of the molecule the resonating effect iirhich is 
considered as responsible for the color, and such a group is known as the 
ckromo'phore {E21). The groups given in Table 7.2 are generally incladed 
in a list of organic chromophores. 

TABLE 7.2 

IiMPORTAisTT Organic Cheomophorbs 


(a) jSimple 


X 


X \ 

Ethylene 

Tliiocarbonyl 

1 

II 

Azo 

X^ X 

Azomethine 






Carbon 3'1 


Sulfoxide 


X 


~N=-0 

N itroso 



(6) Complex {involving two or n tore 

simple chromophores) 


0 


1 1 
,C=C 


X 


X X 


— 

Nitro 

0— u c=o 

\ X 

C--C 

Quin one 




0 


1 1 

C— C=0 Keteiie 


_N=X_ 

Azoxy 

(cumalative 



/ 

unsaturation) 


X 

C=C — C=C — C=C Divinyl ethylene Cconjngated unsaturation) 

X till '\. 


--c=c 



Fulvene 


Chromophoric changes may be resolved into two effects, intensity and 
frequency shifts, ivhich are described as follows: 

(a) H 3 q)ercliroine : An increase in the extinction valne of the ab- 
sorption band. The -intensity of the color increaiiei;. 
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(h) Hypochrome : A decrease ia tke extinction value of th.e absorp- 
tion band. The intensity of the color decreases, 

(c) Bathochrome : A shift of the absorption band towards the red 
(lower frequency). The color deepens (i.e., a change from yellow, to red, 
to purple, to blue, to green). 

(d) Hypsochrome : A shift of the absorption band towards the blue 
(higher frequency). The color lightens (i.e., a change from green, to 
blue, to purple, to red, to yellow) , 


CH3CCH=CH1„ cooh 



Fio. 7.10a. — Absorption spectra of uasaturated acids with conjugated etheiiylene 
^ ) linkages (Hausser [C6j^, C8S}). 


O- <CH= CH)n -O 



Fig. 7.106. — Effect of conjagatioii in polyethenylene diphenyl derivatives (Kuhn 
[Cr4, C7^]). 

Many of the simple resonators or ehromophores do not in themselves 
produce visible absorption. Ethylene, for example, has an absorption 
band at 1545 f (1950 A) in the extreme ultraviolet, but the coujagated 
coupling of two or more ethylene radicals together results in both hyper- 
chromie and bathochromie effects (Fig. 7.10). The actual effect seems 
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to be more nearly a multiplication of resonance than addition. The caro- 
tinoid colors, such as those found in the carrot and tomato, are typical 
of a long chain of seven to thirteen conjugated double bonds. 

Wizinger {B56) has suggested the use of an ionic formula for the repre- 
sentation of a resonating system, and this, in many ways, is more satis- 
factory than the more rigid chromophore formula. For example, in the 
representation of triphenylmethyl it is difficult to explain the intensifica- 
tion of color on the change from neutral to acid or alkaline solutions, hut 
in the ionic formula the representation is not difficult (Fig. 7.11). 


Fig. 7.11 



OfaiKjt Colurleis I'tl/oir 


It would therefore appear that, in addition to the usual positive auxo- 
chromes, OH, OR, NHo, ISiHR, NRa, which cause color intensification 
and hathochromic effects (color deepening) in positive ions with a co- 
ordinated unsaturated central atom or resonating group, there are nega- 
tive auxochromes, such as the NO, NO®, CO,CN, SO®, and N=N, which 
produce auxochromic and hathochromic effects in negative ioijs xvith a 
coordinated unsaturated central atom or resonating nucleus. 

One might further extend this auxochrome-ion theory to include am- 
photeric auxochromes such as the C=C liniage which can act as an 
auxo chrome or resonating amplifier in either positive or negative ions. 

The examples of negative and positive au.xochromes in Fig. 7.12 will 
serve to illustrate these effects. 


Fig. 7.12 
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Whether one accepts the ionic, chromophore, or electron shift formulas 
for the production of color they are all merely graphical means of repre- 



130 


A.BSOEPTIOX SPECTEA 


seating the same color effect. It shoald be remembered that the writing 
of a compound in a quinoid formula does not of necessity indicate that 
no benzene ring is present, but rather that it is capable of resonating 
between that and an ionic benzene structure. In the representation of 
the formulas of many dyestuffs and other absorbing groups we will use 
quinoid structures since they are the accepted form and ai-e more easily 
visualized. 

TABLE 7.3 

Wavelength and Feecitjencv Values 
FOR Chromophoric Groups 


Group 

X 



/ 

280 iRju 

1076 f 


— 0—H 

186 

1615 


— S— H 

227 

1325 


O 




— 

O 

O 

366 

820 


302 

994 







180 

1660 


0 

268 

1120 

39 

CO 

311 

964 

280 

rrYb 

470 

800 

9700 


For some of the simple chromophores such as the carbonyl it is pos- 
sible to assign a certain frequency of absorption (Fig. 7.13) as character- 
istic of this resonating group although it must be remembered that the 
attachment of radicals to the chromophore will result in a shift of fre- 
quency and intensity. The simple colored ions can also be assigned 
certain absorbing centers or bands as indicated in Table 7.3. 

With ionizahle substances or those which undergo a chemical reaction 
with the solvent there will be marked effects upon solution, dilution, or 
change of temperature (Fie- 7.14). 
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The effects of solvents may be divided into two classes: that in which 
a chemical combination takes place with the compound, and that in 
which the frequency of the absorption band is influenced by the polar 



Fig. 7.13 Fig. 7.14 

Fig. 7,13,— A.bsorption speetrum of acetone. 

Fig. 7.14.— Temperature effect on absorption spectrum of the iodine ion in Xal— H-O 
solution (Scheibe [1,20°; 2, 70°J [CIOS, B49\). 


nature of the surrounding medium without any actual chemical combi- 
nation with the solvent material (Fig. 7.15). 



h 


Fio. 7. ]5. — a. Fffec'tof solveiit.s on the iibsorption .spectrum of lienzeneazuplieuol. 
1. Pvridiiie. 2. Methyl alcohol. 3. Petrolatum. 4. Ethyl acetate. 5. Benzene. (Erode 

h. Absorption spectra of iodine in ethyl alcohol (1) and in KI solution (2). (Erode 


\ X It has been shown that in the simple C — bond there is no 
apparent absorption in the tusible or near ultraviolet as 
^ a result of the electronic resonance possibilities of the 
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C : C linkage. Infrared and Eaman spectra are produced by simple com- 
pounds with such C — C linkages, but these spectra are characteristic of 
the simple linkage and not of the molecular resonance as a whole. The' 
— C — linkage, since it does not transmit, to any extent, resonance 
vibration from one resonator to another, can act quite satisfactorily as 
an insulator between two chromophore groups. This is especially true of 
two methylene groups : — CHa — CH 2 — 

Inasmuch as the two isomeric forms of optical antipodes have the 
same energy content it would not be expected that they would have 



a h 

Fig. 7.16. — a. Absorption speetrum of di-phLenyl-Cp-diniethykntiaobenzeneazo- 
benzoylamino)-acetic acid in alcohol. C = 0.0125 grain per liter; d = 1 cm. The 
absorption spectra curves of the d and I forms were also determined and found to be 
identical within the allowable experimental error. (Brode and Adams 
h. Absorption spectra of d-, Z-, and dI-2,2'-bis( 
thylazo)-!, I'-binaphthyl. 



(Involving molecular rather than atomic asyinnnetry.) Curve, s are idoiitieal within 
experimental error. (Brode and Brook.s.) 


different absorption, especially since they involve the saine types of 
linkages, and this has been demonstrated by experiment (C20) ( Fig. 7.16). 

'Nc— Ethylene has an absorption band in the e.xtrenio ultraviolet 
^ (195 m/i), and as a simple symmetrical unsaturated com- 
pound its absorption hand is reasonably symmetrical {C3b‘) (Fig. 7.17). 
Homologs of ethylene which are unsymmetrical show a distinct broad- 
ening of the band as would be expected. 
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— C^C — Acetylene does not skow any marked increase in absorption 
or any marked ckange in position of the absorption band (188-215 m,u) 
as compared witk ethylene, w'hick confirms the chemical evidence that 
acetylene does not exhibit an appreciably greater activity or unsatura- 
tion than is shovm ethylene. 



X The C — OH linkage exhibits only a slightly greater 

resonance than the C — C linkage, and, as might be ex- 
pected, the simple alcohols in a pure condition are trans- 
parent lip to the limit of the normal photographic plate (200 m^u) . They 
are therefore quite suitable as solvents for spectrophotometry within 
this region. 

Note. Although alcohols are indicated as posse.ssing little absorption, dne oare 
sluonld betaken in the use of alcohol as a solvent to insure purity. .-Absolute ethyl 
alcohol often contains benzene •which makes it unfit as a solvent for ultraviolet 
absorption spectrophotometry. 

\ Ethyl iodide shows a single band at 250 inju tvhich is not 
^ appreciably changed by alteration of the solvent from car- 
bontetrachloride to hexane to ethyl alcohol although its e.xtiiic- 
tioii is reduced by the use of water as a solvent. Iodoform (CHb^) show^ 
absorption bands at 34S, 307, and 275 niju, and a fourth is indicated in 
the extreme ultraviolet. In the cases of the simple C — Cl anti C — Br 
linkage there is very little absorption within the spectrum down to 200 mpi. 

i The combination of halogens and ethylene resonating 

^ C X gystems presents an interesting study' on account of 
the different energy values of the cis and trans forms. The ois forms, as 
might be expectetl from their lower stability, have slightly greater 
absorbing properties than the trans forms (Fig. T.lSk 
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\ X Ethers possess the pi-opert}^ of coordination and, as 

— C — O — C— might be expected to show some absorption, but 

^ in. their noncoordinated form, especially if the — 0— 
linkage is buried well within the molecule, it has much the same reso- 
nating property as a — CH^ — linkage. This property of the oxygen 

linkage to act as a non-transmitter 
/ of resonanee or a shock-absorber is 

/ \ / well demonstrated in the failure of 

/ \ r\J r\ the change of the E group in E — O — 

I \ J \ C 6 H 5 —N=N—CeH 50 H to alter ap- 

' / \ / / preciably the nature of the absorp- 

/ \ '/ tion spectra of the resonating 

/ j \ I chromophore. 

/ \ / " Similar studies on 

/ \V-// ^ SH(R) the change of color 

/\ thiophenolie 

I y compounds indicate that sulfur is 

also a resonating insulator, 

looo 1250 1500 f C— O ultraviolet absorp- 

Fig. 7.18.— Absorption .spectra of tion spectrum of acetone 

trans (1) and cis (2) stilbeixe in ethyl 7^9) ghows a strong absorp- 

aleohol (Smakula and Wassermann , . , , ± ^ n ■ 

[CW7\). °and at 1110 f (270.b m/i) m 

an alcohol solution. The increase in 
size of the alkyl radicals in the ketone produces a slight increase in the 
extinction coefficient and a slight reduction in the frequency of the 
absorption band. Acetaldehyde 
shows absorption at about the same 
frequency as the acetone band, but 
at a somewhat lower extinction 
coefficient. In a nonpolarizing sol- /w 

v^ent, such as hexane, the carhonyl iv 

hand shows an increase in extinction. fjr ^ 

In addition to this hyperchroinic 

and hypsochromic effect due to a Fig. 7. is.— Absorption specti-a of 

change in hydrocarbon content of arotoiu- 111 

xu n 1 J- 1 U J .lu alcohol (2), acetalddiytit! (.ff, and 

the alkyl radicals attached to the ace lone in iiexane (4). 
carhonyl, an even greater effect is 

produced on the carbonyl absorption band as a result of a tautomeric 
equilibrium between enol and keto forms («), and in the complete 
elimination of the unsaturated condition in the molecule through hydra- 
tion or a similar reaction (h). 


Fig. 7. li). — ^Absorption 
propylethyl ketone (1) 
alcohol (2), acetaldeliy 
ace lone in hexane (4). 
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The tautomeric eqiiilibriimi effect ia) is easily demonstrated in the 
1 ,3-dih:eto compounds, such as aeetoacetic ester and acetylaeetone (see 
the discussion in this chapter on conjugated chromophores). The rediic- 

(keto) ffiior 

(a) R— OH.,— C— R R— CH=C'— R 

II 

O OH 

OH 

ftturlwriyl ) 

(h) R— C--0 -f II ..O ----- R— C— OH 

I 

H[(orR) Hurli) 

tion, hy the addition of alkali, of the extinction coefficient of the absorp- 
tion hand produced hy acetone and other carbon 3 d compounds is 



900 lOOO 1200 14.00 f 


Fki. 7.20. — Absorption spectra of (1) chloral in hexane; (2) chloral hydrate in water; 
(3) formaldehyde in water (Sohon If^/Sj). 

explained on the formation of a salt with the hydroxyl hydrogen of the 
enol form. 

With regard to the hydration effect (6) the difference between the 
absorption spectra of chloral, CCU — C=0, and chloral In'drate, 

H 

OH 

tt 'h — (' — OH, and the failure tjf forinaldeimie, which shows a marked 

k 

absorption in the vapor state (Fig. 7.L) and in hexane solution, to show 
appreciable absorption in an afjueoiis solution (Fig. 7.20) are sufficient 
to demonstrate this structural change. 

\Q_g The increased mass and resonating property' of the sulfui’ 
atom as compared with the oxygen atom will naturally give 
rise to a bathochromie and hypercliromic effect with an increase in 
absorption and a shift of the band to loAver frequency". ^Fhe change from 
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oxygen to sulfur in colorless benzoplieiioiie yields a blue tliiobenzo- 
phenone. 

Acids, in a similar manner to formaldehyde, undergo, in 
— water, association and hydrolysis with a loss of their car- 
^ bonyl structure: 






R or 

r 


O 


H 


The hydroxyl group apparently inhibits the resonance or existence of 
the carbonyl group, and most of the simple aliphatic acids are trans- 
parent down to 220 or 230 rafi. The presence of a carboxyl group in a 
molecule does, however, affect the resonance of other groups in the 
molecule even though it is not conjugated or in juxtaposition to the 
other resonating group. This is nicely demonstrated by the nnsaturated 
fatty acids (Fig. 7.21), in which there are one, two, or three ethenylene 


OlEIC .acid 
C C|,H„ C OOH> 

LINOLIC ACID 


ulNOLENIC AGIO 
<■ C,, c OOHI 



F:g-. 7.21. — Absorption spectra of non-conjagated unsatui-ated fatty acids. An 
increase in the numbei* of ethenylene linkages increases the number of hands without 
a bathoehromic or hypso chromic effect. Oleic acid has one double bond (C— C), 
linoleic has t\Yo, and linolenic has three. (Erode and Tryon [dS/].) 


groups, none of which, are conjugated with each other or with the car- 
boxyl group. Since in the chain of atoms some groups must be farther 
from the carboxyl group than others, we would expect, and do find, 
that with an increasing number of unsaturated linkages an. increasing 
number of band maxima appear at slightly different frequency values. 

— COOR Esters like their parent components, alcohols and acids, 
show only slight absorption, and that in the extreme ultraviolet. 

— CONH 2 The combination of other groups such as NH 2 to the 
carboxyl to form an amide fails to alter appreciably the absorption 
spectra of the compound. 
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\ As might be predioted from the similar properties of water 

and armnonia, amines "will tend to show more absorption 
^ than alcohols. The slight increase in resonance is sufficient, 

however, to bring the absorption band just within the photographic 
range. The absorption of amines is reduced as one goes from the pure 
compound to solutions of hexane, alcohol, water, and, lastly, acids (salt 
formation) in which the solution is 
completely transparent within the 
photographic range. 

NHs — ACIDS Combinations of 
acids with amines within the same i.o 
molecule, such as the alpha-amino 
acids, usually result in inner salts, 
and hence we may expect protein 
material to show little absorption 
except for aromatic or other reso- 
nating groups which are present. 

The same may be said with regard 
tothe hydroxy acids (OH-lCmS). 7-22 -Absorption speetnim of 

Polyhydroxy aldehydes (OH — 

ALDEHYDES) , which are the principal constituent groups of the carbo- 
hydrates-, will show absorption only when a free carbonyl group or iin- 
saturated linkage is present. 

— NOo) — HOa The nitro, nitrite, nitroso, nitrosamine, and nitrate 
derivatives of organic compounds all show absorption which is due to the 
— ]Sr=0 group, a powerful resonator producing bands in the near ultra- 
violet and visible region of the spectrum. Nitrobenzene has a very intense 
band at 294 m/u. which starts in the visible as evidenced by its natural 
yellow color. Nitro and nitroso compounds, especially the latter, are 
extremely powerful chromogens, e.g., nitroso tertiary butane, 
(CH 3 ) 3 C — NO, is a brilliant blue compound, and nitrosobenzene, 
CsHa— NO, a green compound. 



800 lOOO 1200 f 


CO^'JUGATKD AXD ADJACENT ChROMOPHORES 

V , ^ Allyl alcohol, CHp^CH— 

C—-OH, ^C— COOH CTioOH, shows a weak band in 
‘ the photographic region at 234 

niju and a strong band at 193in/i, indicating a slight conjugation. This is 
ill line with the increased chemical activity of both the C=C and OH 
resonators. Cro tonic acid, C'Hs— 0'B[=^CH — COOH, with a carboxyl 
group conjugated with the etheiiylene group, also shows a marked increase 
in extinction and a slight shift of the unsaturated ethyienic absorption 
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bond towards higher wavelength (lower frequency) values. As one moves 
the double bond out of conjugation with, the COOH there is a marked 
drop in the extinction, and the compound reverts to what might be con- 
sidered a simple mixture of the component resonators: 

Allyl acetic acid CH2=CH — CH2 — COOH 19.8 

Crotonic acid CH3— CH=CH— COOH 700 

The combination of an ethenylene and carbonyl group, as might be pre- 
dicted from the strong absorption of the separate groups, results in 



Fiff, 7.23. — Absorption spectra of ( 1 ) phorone, CH3 — C— CH — C — CH=C — Clb; 

CH, O CHj 

(2) raesityloxide, CH3 — C=CH — C — CHa; 

iH. 

(3) allylacetone, CH.2=CH— CHa— CO— CH,; 

(4) acetone, CHa — CO' — CH3. (ley-Henri-Scbeibe [B ,201.) 

marked intensification of absorption and a bathochromic effect in the 
shift of the absorption hand to a lower frequency (Fig. 7.23). 

— Q Q The shared rather than conjugated combination of 

ethylene and a carbonyl group yields a resonating system 
which, in part, is dampened by the close proximity of the resonating 
parts, and in part is converted into a new triatomic resonator yielding 
different bands from the original component groups. Ketene, CH 2 =C= 0 , 
exhibits two bands at 324.4 m/m and at 267.1 m^u, and a third, indicated 
at about 230 mix. Diethyl ketene shows absorption bands at 373.d and 
224.1 m^- In both cases the band in the neighborhood of 230 is 
very intense as compared with the band at the shorter-wave length posi- 
tion. In the vapor state ketene show^s a fine structure system, such as 
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formaldeli 3 ^de sliows, aad at about the same position as the solution 
bands of the coinpoimd. There is little doubt but that the close coupling 
of the t \\'0 resonating groups in ketene has resulted in the formation of a 
new coupled chromophoie or resonating_sv^eni. 

C=0 combination of an ethylene and carbomd reso- 

( I nator in a conjugated coupling (alternate double- and 
single-bond arrangement) results in hjperchroinic and bathochxomic 
effects (intensification and shift to lower frequency values) which are 
almost equivalent to a mew resonating system involving the two units 
together as the single resonator (Fig. 7.23). Some of our best examples of 
such compounds are to be found in the derivatives of acetoacetic ester (a') 
and the l,3-dik;etones (5} in their enol forms. 



Fig. 7.24. — Shift of absorption band with increase in number of double bonds in 
CfjHs — (CH=CH)ii — CeHii (Hausser). See Fig. 7.10 for examples of the absorption 
spectra of (’ompotinds indicated {C64'). 

O O OH O 

(«) OH,— (j—CH-.—C'' ^ CH,— L'=CH— C" 

"oCbHi '0C,Hi 

(J O O UH 

(I,) Clb~-C'~qHo— C-C’H, . ' CH,— C~CH=C— C:H^ 

f.Kclo) \E III ill 

In the eciuilibriiim between the enol uinl keto forms the enol form 
I)ossesses a C'=-T — Ch— 0 structure wiiich provides a means of deter- 
iriining the amount of enol form in this equilibrium through the absorp- 
tion spectrum of the solution. A. comparison of the absorption spectra of 
a series of such compou nds will illustrate the application of this method 
and the effect of certain solvents in inducing or repressing the equilib- 
rium toward the enol form. 
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Q Q q / Conjugated ethenylene linkages, like the conjugated 

11^ ethenylene-carbonyl grouping, result in interreso- 
nance, the shift of the hand toward the yisible from the ultra'violet, and 
marked increase in intensity. Hauser has examined the unsaturated 
acid and diphenyl derivatives with conjugated double bonds, and his 
series of curves give a very good illustration of the effect (Fig. 7.24). 
As the number of conjugated linkages are increased, the rate of shift of 
the frequency and intensity of the band decreases so that the possible 
shift of the band is subject to a limiting condition. This limit of shift. 



together with the decrease of stability, is one of the important factors 
which prevents the easy extension of the range of sensitization of pho- 
tographic plates for the infrared. Brooker and Hamer have shown 
(Fig. 9.22) {C34, that as one increases the number of conjugated 
ethenylene linkages between two resonating groups in the cyanine type of 
dye there is a shift of sensitization property toward lower frequency which 
is concomitant with the shift in absorption center and decrease in sta- 
bility of the dye. Modifications which may be incorporated into the 
dye structure and which may improve the stability include such effects 
as weighting of the long conjugated chain at some point between the two 
end resonators. In general the introduction of ethenylene groups between 
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two resonators is of aa auxocliromic character in that the band is given 
a bathochromic shift and an increase in intensity (Fig, 7.25). 

Quinones The ortho and para quinones are 
special cases of the combination of several reso- 
nating carbonyl and ethenylene groups. In view 
of the large number of possible resonating systems 
which may be postulated in these compounds and 
the fact that some are conjugated and some are 
adjacent, it becomes extremely difficult to assign 
to any one particular group the specific absorption effect observed in a 
given portion of the spectrum. It is more apparent that the combination 
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Fig. 7.26 Conjugated Resonators 
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or grouping of resonators can l.>e considered a unit system of resonance 
or vibration. It is possible to make some comparison between such 
structures as 2,3-butadione (c) and o-quiiione (a). tSimilar comparisons 
can be made between phorone (d), p-quinonc (5), acetyl acrolein (e) and 
fulvene (f), (Fig. 7.26). With the increase in resonance properties of a 
molecule there is a corresponding shift toward the visible from the ultra- 
violet, and an increase in intensity, together with a resolution effect. 
The band becomes resolvable, in many cases, into structural components 
which have an approximate constant frequencj" separation, and the ob- 
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served frequency of the absorption band component is an integral mul- 
tiple of this constant frequency' difierence. This apparent simplification 
of the absorption hand structure as one increases the resonance com- 
plexity of the molecule lends support to the theory that the more 
complicated molecular absorbing units may act as a single resonator 
and, because of their size, respond more like a simple harmonic vibrating 
system. 

Fig. 7.27 

Structural Formulas of Benzene 
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Kesoiialiitff Forni.-i [Paulhif]) 

Benzene and Aromatic Compounds. The conjugation of ethenyleuc 
linkages results in a decrease in chemical activity and an increase in 
stability of the unsaturated linkages in the middle of the conjugated 
chain, and an increased activity of the end groups in the conjugated 
chain. Benzene, because of its unusual structure, may he considered 
as an endless conjugated chain, in that the bonds continue in conju- 
gation as one goes around the ring. One may further postulate 
a resonating system for benzene as oscillation between the two Kekule 
formulas (Fig. 7.27 a and 5). Many other formulas have been proposed 
for benzene, such as the three electron sharing formula (c), the Arm- 
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stroiig-Baeyei formula (d), and the Claus formula (e)* Whatever formula 
is accepted, however, it must permit of marked stability and resonance. 
Pauling {B4^) has indicated that the resonating forinulas can best be 
explained by the forms / g h ij, in which the maj or resonating system is 
represented by f and g. Benzene is in itself a very symmetrical molecule, 
and as such we would expect it to have a very symmetrical and well- 
defined absorption spectrum. In the vapor state, benzene exhibits a 
band spectrum (Fig. 7.2S) with a remarkable resolution of the band 
components. As can be seen from Table 7.4, the bands appear to be 
multiples of a band which is known to exist in the infrared at a f requency 
value of 30.2 f. 



Fig. 7.28. — .Ibsorption spectrum of benzene (rapor). P. 


TABLE 7.4 


AXALYSrS 

OF THE BeXZEN'E 

Absorptiov 

Ba.vd (Fig. 7.2J) 


Coinpoiient 

Multiple 


Fundamental 

Frequency Calculated 

Observed 

A 

37 

X 

30.2 f 

= 1117 f 

Ills f 

B 

38 

X 

30.2 

= 1148 

1149 

C 

39 

X 

30.2 

1178 

1178 

D 

40 

X 

30.2 

= 1208 

1209 

rc 

41 

X 

30.2 

= 1238 

1235 

F 

42 

X 

30.2 

= 1268 

126S 


The freedom from ring strain in the benzene nucleus as well as its 
planar structiiTe must have a great deal to do with the marked stabil- 
ity and resonating properties of the ring, since cycIoDotatetraene, 

CH=CH 

/ N, 

c'H '(;h 

! , does not have .surh marked stabilitv or rc.'^uiiat ins 

C If ( ’H 

\ y' 

C'H=-C'H 

power. Internal or external forces tend to inhibit the resonance of the 
molecule, as is evidenced by the influence in .solution of solvents, 
especially polar .solvents, on the benzene absorption spectrum. Interna! 
forces may be described as actual molecular combination with the ben- 
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zene ring, such as the substitution of ineth 7 ], carboxyl, hydroxyl, and 
similar groups (Fig. 7.29) in which there is practically always, a reso- 
nance dampening. The fine structure of the benzene absorption is often 


4.0 

3.0 

2,0 

1 .0 


lOOO 1200 14.00 i 

Pig. 7,29.— Absorption spectra of benzene and substituted derivatives: 1, phenol; 
2, aniline; 3, benzene. (Klingstedt-Brode [B20\.) 

obliterated by this dampening effect, although the added group may be 
an auxochrome in character and may markedly increase the absorption 
as well as shift the band towards the visible. 

The influence of position of sub- 
stitution by weighting groups is 
demonstrated by the studies of the 
author {CIS) on the azo dyes. Figs. 
7.30a and 7.306 show that as the 
position of substitution is varied in 
either benzene or naphthalene there 
is a definite effect on the absorption 
band frequency and extinction. In 
particular it is to be noted that cer- 
tain substitutions placed ortho to 
the chromophore create a marked 
inhibition of the c.xtinction values 
while substitutions para to the chromophore or ortho to a para substituted 
auxochrome create an enhancement of these properties. In certain 
solvents there appears to be an equilibrium between two forms with 
slightly different frequency of absorption hands, and this equilibrium is 
markedly influenced by the position of the substituting group. 

As might be expected, the naphthalene and higher aromatic hydro- 
carbons, which may be considered as resonator substituted benzene 



Fig. 7.30a. — Influence of position of 
substitution in benzenazopbenol on the 
extinction coefficient of the absorption 
band (Erode [(75]), 
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compounds, sliow a shift and intensification of tie absorption band but 
without much, loss in the band structure resolution in the vapor and 



roo 900 iioo 

FREQUENCV 


Fig. 7.306. — Frequencies of the principal maxima of monoazo dyes prepared by 
diazotization of aniline (A), siilfanilic acid (/S), metanilic acid (M), and ortlianilie 
acid (0), and coupling the diazonium salt to beta-naphthol (d) and the corresponding 
5-, 6-, and 7-sulfonated derivatives of (S-naphthol. The length of the lines indicates 
relative intensity of the absorption band. Lines pointing upn'ard represent maxima 
observed in a neutral Ovater) solvent; lines pointing dow-nward represent maxima 
observed in an acid (HCl) solvent. (Brode, Griffith, and Eberhart [C^S; 

solution states (C4^) (Figs. 7.31 and 7.32). It is difficult to say which 
group is to be considered the ehromophore and which the auxochronie, 



Fig. 7.31. — Absorption spectra of polyphenyl compounds: 1, tripheiiylniethane; 
2, diphenylmetliane ; 3, toluene; 4, benzene (Ijoy-Ormlorff [CftJ). 

when the benzene ring and another resonating group are attached in 
alternate position. The marked stability of the benzene re.soiiator and 
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the known fact that chroniophoric groups in the center of a, chain of 
conjugated resonators are stabilized by the end resonators makes it 



Fig. 7.32. — Absorption spectra of naplithaleriLe (upper) and henzene (lower) (de 
Lasslo-Henri iC4B ]) . 


possible to prepare fairly stable resonating compounds with benzene 
rings at each end and resonators in the middle . Similar compounds with 
Fig. 7.33 Qtunoid and Ionic Resonating Structures 
A. Azo dye 


Quinoid 





Ionic ^ 

B . Tr iphenylmethane dye 



aliphatic end groups would normally be unstable. Examples of such 
aromatic compounds include the azo dyes and triphenylmethane fi'ee 
radicals (Fig. 7.33). 
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The combiiiatioa of two or more aromatic ring:s maj take the form of 
the polycyclic compounds stich as naphthalene and anthracene which 
have been discussed and whose resonance forms have been rather care- 
fully studied ^ second type of coupling is that of the diphenyl 

series in which the molecule still acts as a single resonator since the ben- 
zene rings are conjugated together. A third type is that in which the 
rings are separated hy a single carbon linkage, in which ease we may 
expect more or less simple addition of the resonating effects of the 
separated chromophores (Fig. 7.34:), except in so far as the single 
carbon may he able to transmit resonance effects. This transmission of 
resonance effects by a single carbon is very .slight as (‘an be seen in 



OCH;; 

( 2 ) 

Fig. 7.34:. — Insulating effect of nietliylene ( — CH-j — ) Linkage between chronio- 
phores. Absorption spectra of; (1) veratrol -f- l,3-diniethjl-t>, 7-methrlene- 
dioxjusoquinoline; (2) liomoveratrjd-3-inethyl-6, 7-methylenedio.s:yisoquinolinG. 
(Gerendas, Varga, and Fordor [Col].') 

such examples as that of the azo dye series (Fig. 7.2o). The separation 
of resonating groups by two methylene ( — (fHo-—) groups is even 
more effective in ptwenting resonance transfer, but the change of the 
— CHa — CTl-j — to a — CH=CH — group results in the direct coupling 
together of the resonating groups, and an increase in the nnniher of 
these — CH— CH — groups between the end resonating systems results 
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in a marked increase in the absorption as well as a shift to lower fre- 
quency values. 

It is thus apparent that the ethenylene linkage produces a single 
resonator from the two resonating groups by means of its transmitting 
properties, and at the same time through its chromophoric and auxo- 
chroinic properties produces a still larger and more powerful resonator. 

While it is expected that the simple compounds cli- or triphenylme thane 
will not have conjugated benzene rings, the formation of a chromophore 
with the methane carbon such as is produced in the di- and triphenyl- 
methane dyes results in two resonating systems,'both conjugated to the 
chromophore. A simpler case of crossed conjugation is found in the 
f ulvene structure with a marked increase in absorption . As was explained 
in the earlier discussion on resonance and valence it is not necessary to 
consider that a quinone structure actually forms, hut rather that the 
carbon of the methane portion may he considered as a charged and 
resonating unit, with which the benzene rings are conjugated. 

Summary of Absorption Spectra. Effects 

The absorption of light hy organic and inorganic molecules is due to a 
resonator or group of resonators. These resonators may he coupled or 
separated in the molecule, and if coupled they may be directly coupled, 
known as cumulation, or coupled through a single bond, conjugation. For 
the most part, resonating atoms or groups of atoms contain unsatura- 
tion or an incomplete inner shell of electrons. To each of these resonat- 




Fio. 7.35, — Fraiick-Condon electron vibration curves of symmetrical (d) and urisyni- 
metrical (R) shifts. 

ing groups may be assigned a certain frequency factor, but it is difficult 
to predict from these values (Tables 7.3 and 10.1) the absorption bands 
of a complex molecule unless each resonator is independent and well 
shielded from the other resonating systems. The close proximity or con- 
jugation of resonators results in bathochromic and hyperchromic effects 
which are not easily predictable. In addition to these resonators or 
chromophores there are a number of groups whichL are known as auxo- 
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cKromes or amplifying groups, wkieh in themselves do not alu-ays pro- 
duce resonance but have a powerful effect on the resonance of other 
systems. These auxo chromes may he classed as positive or negative, and 
their effect varies with the position of attachment of the group to the 
resonating system. 

For complicated resonating structures there seems to be little hope at 
the present time of complete analj^sis of the resonating s\’stem. The 
absorption spectrum does, however, act as a fingerprint or identification 
for very complicated structures, including the quantitative estimation as 
well as qualitative identification of the substance. The standard method 
for the determination of the amount of vitamin A in cod-liver oils and 
extracts is hy the extinction coefficient of its absorption spectrum band 
at 328 m/£ (Morton, B41)> On account of the large number of resonating 
systems, the possible combinations of these resonators, and the rather 
broad and diffuse nature of most absorption bands, it becomes almost 
impossible to classify absorption hand systems in accordance with the 
resonator in anything like the exact order used in the classification of 
emission spectral lines of elements. 

Potential Energt Curves 

Although it is outside the scope of the present book to discuss the 
field of photochemistry it would be well to call attention to the principles 
of Franck and Condon concerning the energy-frequency shifts in electron 



Fig. 7.36. — Absorption spectra of p-chlorotoluene (A) and benzene (5). Illustrates 
symmetrical shifts (.4) (intensity concentrated in 0,0 band) and unsymmetrical 
shifts {£') (intensity concentrated in bands other tha-n 0,0). (Sheibe and Froniel [B 49 ].) 

emission and absorption. {A30) Fig. 7.35J. gives the energy pattern for 
a symmetrical, and, 5, for an unsymmetrical, shift. Such curves as those 
in Fig. 7.36 would be typical of such energj' patterns. The symbol r 
represents the distance between the vibrating atoms, and ZJ the potential 
energy. As would be expected, the energy required to push the atoms 
together increases very rapidly, w'hile the energy required to pull them 
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apart increases to a certain point and then approaches a constant, A\diieh 
is the measure of the energy required to dissociate the atom from the 
molecule and the limit of the hand system. The change from' one elec- 
tronic state to another (represented hy Y and X in each figure) hy ab- 
sorption or emission will result in a symmetrical series ^f frequency 
values (concentration of intensity in the (0,0^ first bands), if, the two 
energy curves are of symmetrical shape and centered. If there is an un- 
symmetrical condition, as in {B), we may expect an unsymmetrical 
absorption curve such as Fig. 7.365 in place of the symmetrical curve 
(i.e., maximum of intensity at bands other than the C^jO) band). 

Such effects as predissociation, continuous emission, and continuous 
absorption spectra can he indicated by special cases of these potential 
energy — nuclear separation (U-t) curves. 
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ABSOUPTION spectra (APPARATUS ‘AND METHODS) 

Spegtropjkotometers 

Tho earliest data on absorption spectra reported the absorption band 
edges in the observed spectrum (Fig. 8.1). The ease with which it was 
possible to dilute the solution or change the cell thickness led to the ob- 
servation that as a solution was diluted its absorption band was nar- 

ARBITRARY SCALE 



B C E F G 


FRAUNHOFER LINES' 

Tig. 8.1. — Qualitative indication of absorption spectra (after Forinanek [Bt:2\ and 
Wat. son [Bo 4 ]). 

1. Orange IL 2. B'ast red A. 3. Fast acid fuchsine. 4. Chroniotrope 2R. 5. Azo 
fuciisineB. 6. Victoria violet. 7. Ponceau 4RB. 8. Diamond green. 9. Congo red. 
10. Diamine blue 3B. 11. Azo blue. 

rowed and reduced in intensity. The plotting of the observed cut-off or 
extinction values against the concentration or thickness produced the 
absorption curve for the observed material. The values thus obtained 
were a fairly good appro.xiniation to our more accurate absorption meas- 
urements of today, but were individually characteristic for each observer, 
since the density or extinction point at which the observer was to decide 
that the band terminated was of a nebulous chaiacter. Fig. 8.3 shows 
examples of this type of data as compared with the same curve (Fig. 8.2. 
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Table 8.1) which has been accurately determined by a spectrophoto- 
metric method. 


TABLE 8.1 



Absorption Spectrum of Azobenzene ix Alcohol (Erode CIS) 



No. 

Av. 

Av. 

Max. 

No. 

Av. 

Av. 

Max. 

No. 

Av. 

Av. 

Max. 

E 

obs. 

val.,/ 

dev. 

dev. 

oba. 

val., / 

dev. 

dev. 

obs. 

val.,/ 

dev', 

dev. 

0.00 

G 

<380 











.05 

4 

630 

10.0 

10.0 

4 

720 

20 

30 

4 

S24 

2. 0 

6.0 

.10 

C 

S33 

1.5 

3.0 









.15 

1 

S3S 











.20 

5 

S40 

0,4 

1.0 









.25 

1 

843 











.30 

10 

S4.5 

1.3 

3.0 

10 

1138.4 

7.0 

is.o 

8 

1187 

11.0 

20.0 

.35 

1 

848 



1 

1123 



1 

1210 



.40 

0 

849 

1.0 

2.0 

6 

1107.5 

4.0 

8.0 

G 

1235 

4.0 

7.0 

.45 

1 

852 



1 

1110 



1 

1242 



.50 

5 

855 

1.0 

2.0 

5 

loss 

5.0 

9.0 

3 

1250 

2.0 

6.0 

.55 

3 

856.5 

0. 5 

0. 5 

2 

1083.5 

0.5 

0.5 

2 

1256, 5 

1.5 

1.5 

.60 

11 

859.4 

1. 0 

4. 5 

11 

1075.5 

4.0 

6.5 

9 

1259, 5 

2.5 

5.5 

.65 

1 

860 



1 

1071 



1 

1264 



.70 

6 

885.3 

2. 0 

3. 7 

6 

1001 

3.0 

4.0 

6 

126G 

3.0 

4.0 

.75 

1 

870 



1 

1034 



1 

1270 



.80 

6 

S7S.3 

1.0 

2. 7 

6 

1046 

3.0 

0.0 

0 

1273 

3.0 

3.0 

.85 

1 

877 



1 

1043 



1 

1285 



.SO 

0 

8S0.0 

1.0 

2. 4 

C 

1035.5 

2.5 

3.5 

5 

1287 

5.0 

11.0 

.65 

1 

SSI 



1 

1036 



0 




1.00 

11 

885.3 

1.0, 

2.7 

11 

1026 

3.5 


7 

1300 

7.0 

16.0 

1. 10 

4 

SS9.8 

0.2 

0.8 

4 

1013 

3.0 


1 

1325 



1.20 

4 

S9S.5 

0.8 

1. 5 

4 

1000.5 

3.0 

7.5 

1 >1380 



1.30 

4 

900 

0.2 

1.0 

4 

990 

4.0 

G.O 





1.40 

7 

908 

4.0 

9.0 

7 

981 

4.0 

7.0 





1.50 

12 

927 

7.0 

17.0 

12 

905 

S.O 

15.0 





Concentration, 3.3 eg. dissolved ia lOO 

eo. of 95% alcohol; cell thickness, 0.5 cm. 




From the work of Lambert and Beer we know the relationship between 
absorption and thickness, and between absorption and concentration. 
These relationships may he expressed as 


where E = extinction or the logarithm of the ratio of the incident to the 
transmitted light. Lambert’s law more specifically indicates that the 
extinction, E, is a linear function of d, the thickness of the solution or 
solid, and Beer’s law that the extinction is a linear function of the con- 
centration, c, of the material. It therefore follows that the intensity, I, 
which is transmitted by the solution, will vary inversely as the logarithm 
of the concentration or thickness, so that the logarithm of the thickness 
or concentration will appear as a linear function of the extinction. A 
number of collected tabulations or figures have been made of organic and 
inorganic compounds, based on the variation of thickness or concentra- 
tion, or the introduction of a nentral gradient wedge (BS9, B19) (Tig. 
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8.4) . See also Fig. 12.46 for apparatus. In some eases a rough visual curve 
was drawn by the observer from his opinion as to relative brightness of 



Fia. 8.2. — The absorption spectrum of azebenzmo. 

the speetrum or density of absorption. In other eases a more exact de- 
termination was made by a series of dilutions and an attempt to match 



Fui. 8.3. — Tlic absorption spectra of azobenzeae in alcohol as detenu iaed by 
Bidy and Tuck (solid line); Baly and Hampson (one dot); Hantzsch (two dots); 
Purvis and McCleland (three dots), and in concentrated hydrochloric acid by Tuck 
(four dots). 

them at a given density'- The Baly tube, a cell of adjiistahle length, was 
found to be very useful in the preparation of this type of absorption 
data (Fig. 8.5). 
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The next improvement in instrumental construction was the optical 
projection on the slit of the spectroscope or spectrograph of two images, 
that of the original beam and that of the beam after passage through the 
solution under investigation. Among the various methods are the use of 
a hiprism (a), Albrecht rhomb (c) (sometimes called a Htifner Rhomb), 
Brace prism, Luhmmer-Brodliun cube (6), two right-angle prisms 



Eig. 8.4. — Wedge spectrogram of Rose Bengal 5B 1/4,000 (Mees [B4fJ\). 

{di and 4), and polarizing prisms {A IS) (Fig. 8.6). By means of such 
devices it was possible to compare the total absorption of the solution, or, 
with a cell in both beams, to compare the spectral absorption intensities 
of two separate solutions. In the comparison of the absorbing solution 
against the original light source it is obvious that the intensity of the 
unabsorbed beam will always be as great as or greater than the intensity 



Pig. 8.5. — Baly tube for 'variation of cell tliickiiR-ss (Zeiss). 


of light from the partially absorbed beam. The next irnprovc'nunit was 
a means of reducing the intensity of the comparison beam, by the intro- 
duction of some absorbing material into this beam. This absorbing ma- 
terial must have a uniform absorption for all wavelength values and 
should, if possible, be adjustable in density over a seiios of different val- 
ues which in turn could be standardized in terms of absolute transmis- 
sion. The use of a double-j aw slit as a mechanical mean s of light reduction 
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has bt'eu tried with reasonable suecesis {CHS). The eonibiiiatioii of spee- 
troscope and diaphragm-slit in one piece was not found to be very prac- 
tical, so the mechanical slit or diaphragm devices were separated from 
the spectroscope slit. Mechanically operated devices on present-day ma- 



Fic. 8.6. — Optical devices to bring two light beams into juxtaposition, 
chines include the rotating sector, the Judd Levis vane photometer, the 
Spekker diaphragm photometer, wire or ruled quartz screens of known 
transmission value, and partly silvered or aluminized filters. Among the 
most satisfactory types of photometer devices for matching the two 



beams are those using the polarizing principle. In siicli instruments tlu* 
tvo beams from the solvent and solute are polarized in opposite direc- 
tions and brought in parallel through a second (,!inalyzer) polarizing 
prism. This analyzer prism upon rotation alternately extinguishes and 
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transmits the two beams with a match of the two beams somewhere be- 
tween each of these extinction angles. The Hilger-Nutting, Bausch and 
Lomb visual instrument, Johin and Yvon, Konig-Martens, and Hardy 





Fio. 8.7. — Judd-Lewis photometer (mechanical-vane type), v = vanes; c = cells; 
HR = Hiifner Rhomb. (R30) 

spectrophotometers all apply this photometer principle, Diagrams and 
photographs of certain of these instruments which represent the types 
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Fia. 8.8.— Rotating sector spectrophotometer (Keuffel and Us.ser) . 
indicated above are given in Figs. 8.7, 8.8, and 8.9 (soo also Fig. 8.27 
and 12.28). 
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The Keuffel and Esser instrument is of interest in that it uses a liigli- 
speed sector for visual determination, depending on the inability of the 
eye to distingnisli a rapid flicker of high intensity from a continuous 
■vv'-eaker intensity. This high-speed sector is adjustable while running so 
that the instrument becomes as simple to operate as the rotating prism 
types. The Hilger sector photometer, the Bauseh and Lonib ultraviolet 
photometers, the Zeiss photometer, the Gaertner photometer, and many 
others employing photographic methods of recording arc constructed 
with rotating sectors as a means of reducing the intensity of one beam as 



Fig. 8,9. — Ultraviolet sector photometer (Baaseli andLoinF). 


compared with the other, and the final image on the photographic plate 
is produced by a series of intermittent exposures of variable length. 
On the assumptions that the photographic process (see section on pho- 
tography, Chapter XIII) does not involve an inertia at the start of ex- 
posure, or continuation of action after exposure, and that the density of 
the image is a linear function of the product of the intensity of light and 
the exi^osure time, the substitution of sectors for diffusing screens, 
wedges, or polarizing devices is quite acceptable. For a time it was 
thought that the sector method had quite an appreciable error due to 
variation in these factors, but it has been shown [CSG, €37, Cl 19, ClOl, 
and CIOS) that the possible error is well within the e.xperimental error of 
the other methods. So far as the iiitermittency effect on the photographic 
plate is concerned, O’Brien {C9U) has shown that if the number of in- 
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termitteacies or light incremeiits which, are to make up the total energy 
afTecting the silver halide is greater than 150 to 200 no observable error 
will he involved in the sector method within the accuracy with which 
the other variable factors can be controlled or measured; such as the 
cell thickness, the concentration, the position of the diffuse edges of the 
absorption band (matching the negative), or the setting of the sector 
values. 

The simplicity of the sector and diaphragm methods is one of their 
greatest advantages, and, even though there are a number of optical 
methods of ultraviolet photometry, these methods are still the most praC' 
tical and most widely used procedures. In the simplest form a single ro- 
tating sector is placed in the comparison beam and the sample to he 
measured is placed in the other beam. Both beams are brought into jax- 
taposition at the slit by one of the optical methods which have been sug- 
gested (Fig. 8.6), and a series of photographs or observations is made 
with different settings of the sector opening. The sector opening can he 
graduated in degrees, percentage, or extinction (see Table IX in A.p- 
pendix for the relation between these factors). In many instruments 
two sectors are used (Hilger, Bausch and Lomb, Gaertner), although in 
some a single sector with two separate segments is employed (Bausch and 
Lomb, Xeuffel and Esser) and in other instruments only a single sector is 
employed (Zeiss) . Table IX, ‘^polarizing angle 45® extinction^' column, is 
intended to apply to the optical method, in which a prism angle of 45® 
yields two fields of equal intensity, and at either 90® or 0° one or the 
other of the two beams is extinguished. The effective angle is thus 45®, 
which can be graduated in lOO divisions to read in percentage, or in the 
negative logarithm of the percentage to yield the extinction value. 

E = 2 X log tan 9 

(4 X log tan 9 if instrument has match points every 45° instead of 90°) . 

In sectors which are composed of two 90° segments or one 180® seg- 
ment it is necessary to expand the percentage graduation system to 100 
divisions for the total opening or the corresponding extinction values. 
If no sector of similar maximum opening is used in the sample beam it 
will be necessary to graduate the sector on the basis of 360® rather than 
ISO® total opening. Most sector instruments use two sectors, one in each 
beam, with a sector in the sample beam of constant opening (usually one 
180° or two 90® openings), and the other sector in the solvent or eoin- 
parison beam which is adjustable to a maximum opening equal to the 
constant opening of the solution beam sector. 

Not many of the modern sector or diaphragm instruments are con- 
structed with both sectors adjustable; this, however, is quite advisable so 
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that the sample and comparison beams mar be interchanged and thus 
eliminate possible instrumental errors due to alignment or graduation. 
Since the intermittencj error becomes negligible ^vith sufficient inter- 
ruptions of the beam it often becomes desirable to remove the sector 
entirely from the sample beam, thus doubling the amount of light trans- 
mitted (from 50 to 100 per cent) and producing a condition similar to the 



;i: SECTOR 

Fig. S. 10. — Hilger sector photometer. (See Chapter XII, Exercise !) for description 
of parts.) 

transmission of diaphragm instruments. This can be accomplished in the 
Hilger instrument by removing the driving belt for the sector, or in the 
Keufiel and Esser instrument by lowering the sector drive. This change 
from 50 to lOO per cent involves an increase in the extinction values of 
0.5, i.e., 0,3 should be added to each value used to get the true extinc- 
tion. This change permits higher v^alues to he set with greater accuracy, 


s 



Fia. S.ll. — O’ Blit'll pluiUinictcr mbc, 

and shorter expasuresare required for equal spectriun density (.e.g-,\vith 
the sample sector stopped and left open, a setting of l.o E on the com- 
parison sector Avill give a value equivalent to l.S E). 

A special typo of sector photometer which deserves mention and which 
Iiroinises to speed up the procedure of phatogra|>liic spectrophotometry 
has boon devised by O’Brien (CSO). This instrurneut uses a multiple 
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Luhmmer-Brodhun cube with ten to twelve alternate contact faces or 
strips (Fig. 8.11), so that over a slit height of about 15 mm there will be 



(t be 

Fig. 8.12. — a Multiple slit photometer; Cand Ci indicate solution and solvent cells 
illuminated by light source (A) through lens (A) which focuses on the spectrograph 
prism. Rhombs (P) and (P 2 ) project beams through slit (i?). 
b Step slit. 

c Miorophotometer record of spectrum intensities (measured at right angles to 
dispersion direction) shoving method of extinction determination (Moll, Burger and 
Per chert — Kipp and Zonen) . 

th£Lt many separate strips in the spectrogram coming alternately from 
the transmitting and reflecting prism faces. In front of the transmitting 




Pig. 8.13. — Optical system for echelon cells (Hilger). 

face is placed a logarithmic or step sector, and in front of the reflecting 
face is placed a right-angle prism cell, so that both faces are illuminated 
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from the same source. In this maimer it is possible to take the equivalent 
of ten to tw^elve separate photographs at different extinction values in 
one operation. There is no particular restriction on the cell size or thick- 



Fig, 8.14. — Echelon cells (Hilger). 

ness so long as the entire prism face is illuminated. It is essential in this 
method to have an even and uniform illumination coveiing all of the two 
prism faces. 



Tig. 8.15. — Photograph taken with echelon cells. 


A somewhat similar device in which a number of photographs are 
taken simultaneously is available in the form of the Hilger echelon cells 
(Cl 16) in which the variation in extinction is accomplished b 3 ' changing 
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the thickness of tlic solution in a series of logaritliinic steps. A sector is 
used in front of the comparison beam to reduce the transmission to 
known extinction values (Figs. 8.13 and 8.14). The notched echelon cell 
prowides a very convenient and rapid method for speetrophotometric 
analysis, but is limited to low extinction values by the maximum cell 
thickness. In a single exposure ten photographic pairs can be obtained 
representing an extinction change form 0.0 to 1.0 in steps of 0.1 E. 




Fig. 8.16. — ^Hilger Spekker photometer. 


Hilgeh Spekker Photometer 

The rotating sector method as developed by Fwymaii of Adam Hilger 
has been the means for producing most of the ejuantitative data which 
are available today. To overcome some of the possible disadvantages of, 
and improve upon, this excellent contribution in apparatus development, 
Twyman has recently designed a diaphragm photometer known as the 
Hilger Spekker photometer {Cll5). In this instrument (Fig. 8.16) it is 
not necessary to take the light from as great an angle of view as is neces- 
sary in the Hilger sector photometer since the beam is spread by two 
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quartz rhombs. The beams are made approximately parallel by means 
of the leases Li and is and then pass through a fixed diaphragm and an 
adjustable diaphragm D. The adjustment of this rectangular diaphragm 
is effected by a micrometer screw with an indicating drum and guide, E. 
The drum is graduated in extinction walues, and the diaphragm is so 
constructed that the higher extinction values can easih' be set with ac- 
curacy. The final observations are based on the relative transmission of 



Kki, S. 17.— K ockiug mirror for concentrated source (Hilger). 


the fixed and adjustable diaphragms, and it is therefore essential that 
tlu' cells f’l and (\, for the solution and solvent respectively, should lie 
of such a diameter that neither one masks any part of the optical Itfuim. 
The two beams arc brought to a focus on the slit of the s})cctrograpli 
through the lenses L;> and />4 and arc brought into juxtaposition at the 
slit of the spectrograph ])y the second pair of <iii;irtz: rhombs. 

Twyniaii has pointed out that this instrument has cci-tain advantagi's 
over his previously designed sector photometer in. that the absence of 
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motor-diiven sector parts aad interruption, of the light beam removes a 
possibility of synchronism of the light-source fiactaations with the period 
of the sector so as to produce erroneous results. This error is not ap- 
parent in the use of d-c light sources or high-frequency a-c light sources 
such as are found in the underwater spark or a 500-cyele a-c hydrogen 
discharge tube. As has been pointed out in this discussion, the advantage 
, claimed for the Spekker photometer of an increase in intensity by a factor 
of 2, due to the stoppage of the constant team hy a 50 per cent sector, is 
not a valid argument in favor of the diaphragm instrument since the 
constant sector can easily he stopped or removed from the path of the 



Fio. 8. IS. — Spectiophotonaeter (Gaertrxer). 

solution beam, and in fact some of the quantitative spectrophotometer 
methods use but one sector, namely, that in front of the solvent cell 
(Zeiss method) . 

The outstanding advantages of the Spekker instrument are the ease 
of making settings without the necessity of stopping moving parts, and 
the greatly increased accuracy in making extinction settings, especially 
at high density values. The rhomb system of light gathering so as to take 
the two beams from nearly the same direction from the light source per- 
mits the use of a point or concentrated light source. To permit the illu- 
mination of both rhombs where the light source is too highly concentrated 
or directed, as in the hydrogen discharge tube, a rocking mirror device 
has been designed to direct the beam alternately to the two rhombs (Fig. 
8. 17). This alternating or rocking mirror illumination reflector is subject 
to the same objection of symchronism of the reflecting motion with the 
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phase of tlie current operating the hydrogen tube or other light source. 
If this speed of mirror motion is set siifiiciently slow to avoid the possi- 
bility of this error then one must consider the constancy and uniformity 




of the light source since only one of the two beams of the photometer is 
illuminated at a time. 

The rhomb system for gathering the light from approximately the 
same angle of ■view is & distinct advantage in that it makes adjustment 
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of tlie position of the light source much easier. It is equally possible, of 
course, to construct u sector photometer with a rhomb system of ilhmii- 
nation to effect this same improTemeiit in ease of adjustment (as in the 
Bausch and Lomb sector photometer) . The Spekher photometer as well 
as some of the sector photometer methods (including the Bausch and 
Bomb instrument) do not permit the reversal of the cells in order to 
correct for possible instrumental or alignment error. 

Instruments involving an optical method (polarized light) are usually 
designed for visual measurements, although nearly all of them have photo- 
graphic as well as visual attachments and some of them are of quartz 
construction and designed for ultraviolet operation. In these instruments 
the beams from the sample and comparison are polarized at right angles 



Fig. 8,2(>. — Spectrophotometer (Hilger). 


to each other by passage separately through two iN'icol prisms at right 
angles, or at an angle through a common Wollaston prism, so as to pro- 
duce two adjacent beams, which are then passed through the analyzing 
prism (a Nicol or other polarizing jjrism) b\'' which the two beams can he 
brought to the same intensity (Figs. 8.18, S.19 and 8.20). In some of 
these spectrophotometers, the polarizing photometer is placed between 
the dispersing system and the operator or photographic recording means 
(Konig-Martens) ; in others the photometer device is placed between the 
light source and the spectrometer slit (Hilger, Bausch and Lomb). In 
most of these instruments the disk of the analyzer Nicol or other polariz- 
ing prism is graduated directly in e.vtinction values, although some are 
graduated in percentage t^ansmis.^ion or even in angular degrees. For 
purposes of conversion of either of these last two values into extinction 
values a special table has been prepared (Table IX, Appendix). 
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I LLL MI^'ATION 

The study of the absorption of lifijht involves certain considerations 
that are not present in emission speetra analysis. The broad nature of 
most of the absorption bands with their rather diffuse edges makes quali- 
tative analysis through the determination of band positions almost im- 
possible except in a few compounds such as the rare earths or hemoglobin. 
This restriction means that in nearly all applications and measurements 
of absorption spectra it will be necessary to determine not only the po- 
sition of the absorption band but also its intensity and shape. "With the 
e.veeption of a few compounds that are photosensitive, there will be no 
apparent loss of the absorbing substance on extended exposure, and 
hence an accurate determination of the amount of absorbing substance 
can be easily accomplished through a measurement of the percentage of 
light absorbed by the sample. It is obvious that for the detei’niination of 
absorption spectra the most desirable form of illiimination would be one 
of a heterogeneous character (continuous spectral radiation) such as is 
l^roduced from a black-body radiation of dissociation spectra. For ob- 
servation in the visual spectrum, the near ultraviolet and infrared, the 
incandescent tungsten bulb is an ideal source of illumination in view of 
its cheapness and the constancy with which it can be controlled. The 
availability of constant, heterogeneous light sources in absorption spec- 
trophotometry permits the application of other than photographic or 
integrating methods of observation. It is also possible to increase the 
light intensity without altering the ratio or percentage absorbed, so that 
a small slit width can be used on the spectrometer and still sufffcienT 
light will be passed through to give an observable effect on a photosensi- 
tive device such as a photronic cell, thermopile, or photoelectric cell. 
Heterogeneous spectrum sources are not an absolute necessity, and in 
many cases where high light intensity of spectral parity is desired such 
sources as a mercury lamp will give essentially monochromatic radiation 
which can be separated l>y a rather low-dispersion large-aperture spoe- 
troineter, or even by filters of colored glass into its monochromatic emis- 
,sion bands. A disadvantage of such lamps is the difficulty encountered 
ill attempting to control them to the same accuracy of radiation intensity 
as can be applied to the tmig.sten lamp, Fig. 3.73.5.) 

The incandescent tungstmi an* iPointolite lamp) has alsci been used 
in spectra photometric measurements, but is not as satisfactory as con- 
densed-filament or ribbon-fihimcnt lamps. For the near ultraviolet it is 
possible to obtain tungsten-filament lamxis with Corex glass envelope.^, 
or, on special order, it is pos-^ible to obtain such bulbs with quartz en- 
velopes or windows, fiince the temperature of the filament controls the 
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relative amouats of radiatioa ia the various spectral regioas, it is quite 
obvious from these data {CoO) (Fig. 8.21) that for extreme ultraviolet 
illumination it will be necessary to burn the lamp at an overvoltage such 
as is applied to a photoflood bulb. This will shorten the life of the lamp 



Pig. 8.21. — Relative distribution of energy radiating from a black body at indicated 
temperatures {C50). 

but will increase the ultraviolet radiation by a considerable amount 
(Fig. 8.22). 


Photoelectric Spectrophotometers 

A number of spectrophotometers have been designed to operate by 
photocell, thermopile, or photronic cell with which one may measure in 



Fig. S.22. — Total energy from a black-body radiator. 

rapid succession, using a constant light source, the unknown and com- 
parison samples so as to determine the relative transmission at a given 
wavelength. Repeating such measurements at a series of wavelength or 
frequency values will supply the necessary data to plot an absorption 
curve. There may he some question as to the relative sensitivity of the 
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photocell or other sensitive device to radiation of differing intensity, so it 
will be necessary to calibrate the photocell over a range of known inten- 
sity differences or ineorpomte into the instrument some photometer 
w’edge, screen, or other device to reduce the intensity of the comparison 





PC 

Pig. 8,23. — Hogness photoclcct ric spectroplioto meter (C'6*,9). 

beam to that of the unknown sample (Fig. S.23). Some photoelectric in- 
struments operate on a null basis, using either two separate cells or a 
means of alternately exposing the same cell to the sample and comparison 
beams (Fig. 8.24) (C69, CGO, Co4)- The difficulty of obtaining photocells 


PC, 



Fici. S,24. — Vail Halbaii photoelectric spectro- 
photometer; spectrometer (SP); half-aluniiiiizcd 
mirror (it/); cells (Ci) and (Cj); photometric wedge 
and sector (IV) and (-&'); photocells (PC'i) and 



Fig. S.25. — Thin 
window' photo cell 
(Westinghouse). 


with uniform response over the spectral range makes it more desirable to 
use a null method involv'ing but one cell, where observations with an ac- 
curacy which exceeds the possible cell differences are required. Forultra- 
vnolet measurement, a quartz photocell or thin window glass cell (Fig. 
S.25) may be used; in the visible, photronic cells, photocells, and ther- 
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mopiles can be used; in the infrared the usual sensitive device is the 
thermopile, although one may use a photocell out to about 1500 m/j.. 

With an electrical value as a measure of the intensity differences in 
the two beams, it becomes quite a simple matter to connect the electrical 
circuit to a recording voltmeter such as the Leeds and IMorthrup Micro- 
max recorder, and to gear or calihrate the motion of the paper to the 
spectrometer so as to record the absorption spectra in graphical form 
(Cl). One of the most successful of these coupled recording devices and 
one which is commercially available is the Hardy spectrophotometer 
which is produced by the General Electric Company (C60, C86‘) (Pigs, 
8.26 and 8.27). This instrument uses two dispersing prisms much as the 



Tig. 8.26. — Pecording spectrophotometer (Hardy-General Electric \C6‘0, C86]). 


van Cittert double monochromator, in which the prisms and two end 
slits in the instrument are fixed in position and the dispersion is accom- 
plished by placing a slit at the focal point hetweoii the two pi'isrns. In the 
Hardy spectrophotometer an aluminized mirror serves as one side of the 
slit and the two prisms are placed so as to have their spectral focal points 
approximately in the same plane. A single motion of this mirror slit thus 
changes the spectral region and at the same tim<' corrects for the change 
in focal length of the lens system used for thc' differemt wavelength 
values. 

In the comparison of the beam intensities one may manually change 
the cell from one beam to the other (which may be acc-omplished by 
interchange of the sample and comparison cell), or, by rtK'tins of an opti- 
cal device, bring into the field of view through the same dispensing system 
the light from both sample and comparison beams. The Hardy instru- 
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iiieiit utilizes tlio iloiiblo i>ol:irizin«: pristii system siniihir to the Ktiaiif- 
Martens photometer (Nicol and Wollaston prism) in reverse order, in 
that the light starts from a. single beam through the Wollaston prism 
and is split into two beams, rather than starting as two beams and being 
brought together as one beam consisting of two oppositely polarized 
components. The two components which are obtained in the Hardy in- 
strument are, as in the Kbnig-Martens photometer, polarized at right 
angles, and a rotation of the iXieol prism enables the operator to match 
the two beams to equal intensity. The separation of the two beams per- 
mits the introduction of the samples to be tested, and after passing 
through or being redocted from the samples (depending on whether 


PHOTOMETER 



transmission or refieetion measurements are d(‘sired) tlie two beams are 
again l)iT)Ught together by optical means and an* focused on the sam(‘ 
photocidl or eyepiece. In the comparison of the two heains electric-ally. 
on(‘ may measure the two beams separately with two pliotocells, as has 
suggested, by rapid manual alternation, the use* of split prism.^, cn- 
partial transmitting mirrors, or one may focus the two beams on two 
halves of a split field photocell (which is made especially for the match- 
ing of two Reids), t-'iich photocell amplification would involve d-c 
differences. 

A second and very satisfactory method is the alternation of the 
light beams between the sample and comparison so us to produce an a-c 
response in the photocell if there is a lack of balance in the intensity of 
the two beams. This alternation effca-t has been succe.ssfully applied 
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through the use of a rotating sector to interrupt the two beams alter- 
nately, the use of a A^ibrating mirror to project the two beams through 
the comparison and sample {C 61 ) alternately, or the use of an additional 
polarizing prism if the original optical method involved a polarizing 
principle so that the two beams are already polarized at right angles to 
each other. The additional polarizing prism (for which purpose a Rochon 
prism is quite satisfactory) may be rotated in the heam so as to transmit 
the comparison and sample beams alternately. The use of a rapid alter- 
nating heam permits the amplification of the photocell current through 
an a-c amplifier which will not respond if both beams are of the same in- 
tensity- If the beams are not of the same intensity, then the phase of the 
alternating current will indicate the more intense beam. The control of 


G 



j— I 

B c p 


Fia. 8.28. — Diagram illustrating principle of the Harrison recording spectropho- 
tometer; light source (X), log sector (T), slit (N), grating (C), vibrating mirror (Jf), 
solution and solvent cells (Ci and C 2 ), photo cell {E) (€61 ). 

the adjustable polarizer to bring the two beams to a balance and reduce 
the a-c impulse can easily he effected by a motor or other device which 
operates on a two-field principle and depends on whether the two fields 
are in or out of phase as to the direction of motion of the motor armature 
or phase meter needle. If a motor device is used, as in the General Electric- 
Hardy instrument, the operation will depend upon the phase of the 
field current operating the synchronous motor which rotates the prism, 
as compared with the phase of the amplified armature circuit from the 
photocell. This motor power can be used to operate a recording pen and 
produce an automatic record of the absorption spectrum, provided that 
the dispersion system is coupled to the film or paper to move it along as 
an ordinate against the abscissa motion of the extinction record. 

The success of this type of machine, especially with regard to high 
speed and accuracy, has prompted the extension of similar recording 
means to the ultraviolet region. Two such instruments have been con- 
structed, applying quite different principles of operation and recording. 
One of these (Erode) uses as a dispersing system a Wadsworth-mounted 
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quartz prism \vith. a screw motion provided for the lens and slit system so 
as to keep the monochromatic light source slit in the focal plane of the 
spectrum and also at the focal point of the eollimatiiig lens of the pho- 
tometer so as to produce a parallel beam in the photometer. The W ads- 
worth-mounted prism, cut with the quartz crystal axis parallel to the 
base of the prism, obviates the necessity of the use of a Cornu prism since 
at the angle of minimum deviation of the prism there is no doubling of 
the image. Two photometer sj^stems have been used on this instrument, 
one involving a rotating mirror sector (aluminized plates) for separation 
of the beam into two parts alternately, and a vane photometer principle 
for reduction of light intensity in the comparison beam. The two beams 



Pig. 8.29. — Form of the final photographic record of absorption spectra taken by the 
Harrison spectrophotometer (C6U). 


are brought to focus on the same photocell whose amplified alternating 
current operated the recording pen and changed the transmission vanes 
so as to produce a match of the two beams, the direction of motion of the 
pen and vane being determined by the phase of the amplified current. 
Excellent curves have been produced by this method where ample light 
intensity was available, but for lower intensities the higher amplifica- 
tion resulted in out-of-phase currents owing to the cutting edge of the 
sector. The photometer was therefore changed to a Jobin and Yvon 
instrument which was designed for visual and ultraviolet spectropho- 
tometry. This photometer uses special ultraviolet-transmitting polarizer 
and analyzer prisms, and by suitable arrangement of the parts is avail- 
able for the determination of optical rotation was well as absorption .The 
availability of this machine for the graphical cle termination of optical 
rotatory dispersion curves in the visual and ultraviolet spectral regions 
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greatly enhances its value to the chemist. The alternation of the two 
beams on the photocell h^^ a polarizing prism or screen (Hardy method) 
induces the necessary alternating current for the operation of the match- 
ing and recording devices. 

The Harrison recording spectrophotometer (Fig. 8.28) uses a grating- 
rather than a prism dispersing system, and hence a photometer may he 
incorporated as a rotating logarithmic sector in front of the slit and still 
give even illumination over the spectrum line at the focal point The exit 
slit of the monochromator, in this instrument, is an aluminized mirror on 
a thin quartz strip, the width of -which acts as the slit -width for the 
system. The mirror is mounted on a vibrator which alternately sends the 
beam through the sample and through the comparison to focus on the 
same phototube (a Zworykin electron multiplier tube) . The vibration of 
the mirror, like the rotation of the sector or prism, is synchronized with 
the rotation of the logarithmic sector in front of the slit, and the ampli- 
fied electrical effects are recorded photographically by means of a 
cathode-ray tube. The final photograph appears as the absorption spec- 
trum curve of the sample (Fig. 8.29), in which the ordinate scale ap- 
pears as dots produced as a result of recording at definite positions of the 
logarithmic sector as the beam passes through the comparison cell. The 
number of these dots in a line across the record is determined by the 
number of settings of the thin mirror position to a different spectral 
region. Since the sample intensity remains constant at each frequency 
value, a heavy dot or dash indicates the transmission of the sample and 
the absorption curve is thus recorded photographically. INTo attempt is 
made to balance the two beams, but a number of unit transmission values 
for the comparison sample are recorded adjacent to or in juxtaposition 
with the transmission value of the sample which, in the end, provides 
exactly the same data, namely, the absorption spectrum of the sample. 

Light Souroks 

Vithin the visible, and for a certain portion of the ultraviolet, the in- 
candescent tungsten-filament lamp provides a very satisfactory lighting 
source for comparison of beam intensities. For thc' i-cinaiiider of the ultra- 
violet it is desirable to have a similar continuous heterogeneous source. A 
near approach to such a source can be obtained by sparkiiLg between 
uranium electrodes (an almost continuous background is ])roduc'(;d be- 
cause of the very large number of lines), or by means of a nickel and iron 
electrode in the arc, which is placed at right angles to the spectrograph 
slit so as to avoid a difference in line strength in the top and bottom parts 
of the spectrum. 
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\'anous forms of hydrogen discharge provide the best available sources 
for a contiiiuous heterogeneous source. These may be classified as arcs, 
discharges, and condensed sparks. A simple arc in pure hydrogen has 
been found to be satisfactory, although the modifieation of this type as 
prepared by Alunch seems to offer the most satisfactory continuous 
source which has so far been made available in 
the region from 350 to 200 mg ('Fig. 8,30), Hydro- 
gen-discharge tubes have been u.sed very exten- ] 

sively (CIOS) (Fig. 8.31) and are ideal where but 
a single beam of light is to be used and where an 
a-c effect does not complicate the measurements. 'X 

Alodifications of this type of tube hav’e been con- f 

st ructed with quartz tubing and water cooling so ! ^ 

as to permit the utilization of high-density cur- ; 

rents with a corresponding increase in the iiiteii- I 

sity of illumination. The third type of source' I \ ’ 

suggested is the underwater spark (Fig. 8.32). | 

Distilled water has a much higher dielect rie con- y' 

stant than air, so that a spark which would nor- ^ 
mally discharge across a 1 -foot gapin air will require ' — W 

a gap less than '^4 inch under distilled water. Xo - 

metal lines are produced except at the neighbor- __ i[uiK«h 

hood of the electrodes, and an excellent continuous arc in quartz bulb; pal- 

spectrum of high intensity is obtained (Fig. 8.32). ludium tube (P)] 

This linear source, like the filament sources or the seal (G); vac- 

.. . uum seal (i ); alkaline 

blanch are (in the form of a slit), has a distinct eartho.xideeathode 
advantage in that the focal length of lenses in nickel shield with tiing- 
the optical svstem shortens in the ultraviolet, and 

' ■' . , • anode (.-4) (C4..SJ. 

a linear source permits considerable shortening 

of the focus without loss of the image on the spectrograph slit. 

The underwater spark requires a Tesla coil circuit and a specially 
huilt discharge chamber (C79). It is common practice to use tiing.steii 
elcc'trodes, although Nichrorae electrodeshare been found to bo equally 
satisfactory. Aluminum electrodes are not satisfactory since th<'r ai'c 
deformed by the spark and require continuous adjustment. Tungsten 
('b'otrodes do not requii'C adjustme-nt more than once every threa'or four 
months of fairly steady use, and by means of a projection system ( jilac- 
ing a light source at the red end of a spectrograph wliere a plate holder 
would normally lie phmedl and easting a shadow of the- electrodes on a 
test screen, this adjustment can h(» quickly and easily made. The hy- 
drogen discharge and the underwater spark, though ciuite satisfactory 
for photographic spectrophotometry, are not suitable for photoelectric 
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photometry vyhere measurements are made by alternating eoinparison of 
beam intensities. 

As has been previously suggested, the use of tungsten filaments at 
overvoltage in thin glass, Corex, or quartz bulbs provides a suitable 
source for a considerable portion of the ultraviolet. 

Homogeneous light sources, such as a mercury arc or neon tube, are of 
some importance in spectrophotometry where wide slits and high light 
intensity are desired without a sacrifice of spectral purity. The irregular 
position of the lines and their limited number preclude the general use of 



Fig. 8.33. — Spectrophotonreter outfit with under-water spark, modified Hilger 
sector photometer and Bausch and Lomb spectrograph. (Resistance and. volt-ampere 
indicator for are analysis on the -wall.) (Note optical bench alignment.) 


such sources, hut where only a, low-dispersion instrument or only glass 
filters are available these sources become quite important in spectro- 
photometric measurements. For visual spectrophotometry sets of filters 
are available which will give monochromatic light with a mercury, 
sodium, or other type of vapor lamp. It is thus possible to dispense with 
a spectrometer and to use these filters directly with a Martens or other 
type of photometer for an exact determination of the spectral transmis- 
sion or reflection. 

Celxs 

A wide variety of cells for holding solutions are available, especially 
where the observations are to be made in the visible portion of the spec- 
trum and where glass can be used for the cell construction. The recent 
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development of fused qunrtz apparatus has extenclecl many of tliese 
special cells to forms which can also be used in the ultraviolet- The Baly 
tube (Fig. 8.5), permitting an adjustable cell thickness, has found exten- 
sive application, especially in the earlier work in which the data were 
recorded as logarithms of the thickness. Accurately ground cylinders and 
plungers have eliminated the necessity for any gasket or rubber connec- 
tion at the open end of the cylinder. A similar principle is involved in the 



Fig. 8.34. — Cells for absorption spectra determinations (Hilger). 


Zeiss and Hilger microcells (Fig. 8.34) , and in the usual form of colorim- 
eter plunger tube and cell (Fig. 8.35) . This latter use requires a right- 
ing-prism in the usual optical light path so as to permit the placing of the 
cell in a vertical position. Such a device is incorporated in the Bausch 
and Lomb visual spectrophotometer and is of decided advantage where a 
series of rapid determinations are to be made or where it is desirable to 
vary the cell thickness for observation in different portions of the spec- 
trum. In many instruments fused-glass or fused-quartz cells are avail- 
able, methods having been perfected for the fusing of flat end plates onto 
colls without an appreciable alteration of the optical surfaces (Fig. 8.345). 
For some types of observations or certain solvents, cells are available in 
which the plates have been cemented on with sodium silicate or some 
other cementing agent, but these arc not always satisfactory, Where no 
change is to be made in the cell thickness during the observation it is 
desirable to use a cemented or fused cell as <lo.sci’ibed above, or the type 
consisting of a glass tube with glass or quartz end plates held in position 
by slight pressure. The last type may involve a glass tube of proper 
length cemented into a metal tube; or long cells may have metal rings 
cemented on the ends. These metal tubes or rings are threaded, and a 
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scl•e^\' cap presses the quartz or glass end plates onto the glass tube end 
faces. In short cells (and it should be noted that, if the concentration 
permits, short cells are preferable to long cells in nearly all absorption 
spectra n'ork) it may be possible to hare the glass tube or ring free from 
and not cemented to the metal tube. It ■will then be possible to modify 
the tube by the use of pairs of shorter rings to produce cells of shorter 
thickness than that for \vhich the holder Avas originally designed. It is 



Fia. — Diagram oj a-biorptiim etU used teith the Hxlger ■ 
sector photometer method 

J, QoKti end I)l»tej; B, |1ut riapi; C, bnss f*»U; D, rubber v««h«t« 


I’k!. 8.3.1. — Al)«oipti<)n ctILs.— ct. Colorimeter type, 

h. Tube type (Erode [Oi‘p. 
c. Speeial jaeLet type (Erode [(' J) . 

necessary, of coarse, to hare arailable for this purpose cover plates of 
the same diameter as the glass rings so as to fit in the metal cylinder. 

One of the most conrenient cell types is that used by r^cheibe ami 
others, in which the end plates are held by pressure from each end ami 
no enclosing metal tube is used (Fig. S.SG"). Such holders pmunit the use 
of a large number of different cell thicknesses with the same holder. The 
freedom from metal parts in. contact with the cell permits the use of 
strong acids sucdi as concentrated hydrochloric or sulfuric acid as a 
soh^ent- In such cases it is suggested that the rell be modified by placing 
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two rings on each side of it so as to keep metal parts away from it. These 
cells when properly cleaned and filled will be found to gwe excellent 



d e 

Fia. 8.36. — Method of filling cells. 


service, and such solvents as diethyl ether will be held without leakage or 
evaporation for a considerable period of time. Accurately ground rings 

can be made by grinding down rings 
of Pyrex tubing of the proper diam- 
eter, or complete sets of these cells 
can be obtained on the market. 
About the smallest cell thickness 
obtainable in this type is 1 mm, and 
such cell rings are, of course, very 
fragile. Tor cells of smaller thickness, 
rings may he made of metal sheet or 
foil if the sample and solvent do not 
attack this material (platinum or 



Pig. 8.37a.— Cells for absorption spec- stainless Steel is generally used). For 
tra determinations (Bauscb and Lomb). accurate work where thin metal 


rings are not permissible, cells are 
available in which an indented area has been ground on a quartz plate 
so that it amounts to a cover plate and a fused-on ring, the second flat 
cover plate being all that is required to complete the cell (Fig. 8.87c). 
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Solvents 

Tlie concentration of the compound in most solutions which are to be 
observed spectrophotometrically is relatively low. The absorption, if 
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Fig. 8.376. — Special cell types for absorption spectra deterniinations. 


any, of the solvent will hence act as a rather sharp ent-off to limit the 
spectral range over w'hich observations may be made. In Fig. 8.38 the 
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1. Ethyl alcohol. 

2. Methyl alcohol. 

3. Ethyl ether. 

4. Glycerol. 

5. Chloroform. 

G. Isopropyl alcohol. 

7. .^iLcetic acid. 

S, Amyl acetate. 

9. Formic acid. 

10. Ethyl acetate. 

11. Ethyl formate. 

12. Carbon tetrachloride. 

13. Ethyl propionate. 

14. Butyl acetate. 

15. Beazene. 

16. Toluene. 

17. Xylene 
IS. Ligroin. 

19. Petrolatum. 

20. Ethyl benzoate. 

21. n-Butyl alcohLil. 

22. Ethyl oxalate. 

23. Gasoline. 

24. .Amyl alcohol. 

23. Ethyl methyl ketone. 

26. Tetralin, 

27. -Acetone. 

25. Pyridine. 

29. Benzyl alcoluil. 

30. Carbon disultiiie. 


Fig. 8.38. — Absorption of commercial solvents for a 1-eia thickness. Slope of edge of 
band indicates gradual or sharp absorption. (Erode [C/ i].) 


cut-off ranges of a number of laboratory solvents are indicated. It should 
be noted that these are not all chemically pure materials, and the ent- 



182 


ABSOEPTIOls^ SPECTEA (APPARATUS AMD METHODS) 


off for such c*oni]><)iiD{ls asligroin Avoiild indicate the presence of some im- 
pure material, in as iiiiieli as //-liexane is transparent to the limit of 
the photographic gelatin plate. Many of the commercial solvents, espe- 
cially absolute alcohol ethyl ether, and ethyl acetate, may have come 



Fig. 8.39. — Absorption spectra of plithalie acid in hexane (1.) and alcohol (2) 
(Menczel [C84]). 

into contact with benzene in the process of purification, and hence one 
should be on guard for a series of sharp bands in the region of IlOO to 
1300 f. In many observations the presence of a slight amount of absorb- 
ing matter will not interfere with the accuracy of the determination so 



Fig. 8.40. — Absorption spectra of iodine in alcohol (A) and earlxjn tctracliloridti {B) 
(Brode [ClOW 

long as a solvent or comparison cell of equal thickness is used in th(i com- 
parison beam of the photometer. 

The available solvents, in addition to the organic compounds indi- 
cated in Fig. 8.38, include many other organic corai)Ounds such as the 
ethanolamines, piperidine, higher alcohols, cyclohe.xane, or dio.xane, as 



well as miiiiy inorganic compounds and solatioiis, such as Wiiter., ain- 
nionia, sulfur dioxide, hrdroehloric acid, siilfin-ie acid, and water solu- 
tions such as sodium hydroxide or ammenium hydroxide. In general, it is 
possible to classify the solvents into two classes, polar and nonpolar. 
The nonpolar class includes such inactive compounds as the saturated 
paraffin hydrocarbons. As might be expected from their nonactive char- 
acter, hydrocarbons would not appreciably disturb the vibration of the 
absorbing molecule, so that the absorption spectrum should more 
nearly approach its possible spectrum in a vapor state, in which each 
molecule is separated from, the other vibrating molecules by space rather 
than by inactive molecules (Fig. 8.39). 



bhc. 8.4:1. — Kffect of mixtures' of aleoho! uud Ijoiiisme on the refractive index and 
absorption frequency of plienyhixophenol, (dotted line = frequency.) (Brode [Cll\.) 

might be expected, polar molecules often take part in an actual 
chemical combination with the resonating molecule. In such cases, the 
larger molecule formed may have a charge and property like a polar 
molecule or ion, and a sharp fine-structure speetrtmu such as is usually 
found in a nonpolar solvent, may be produced. The spectrum of iron or 
cobalt salts in halogen acids is an exjuniple of this effect. In the use of 
nonpolar solvents Avith resonating or absorbing molecules which have a 
tendency to form complexes with polar solvents, one should be very care- 
ful that the solvents are free from any of these polar solvents. Iodine, in a 
nonpolar solvent such as CHCI 3 , produces a sharp band at 578 f, but in 
alcohol, water, and potassium iodide, or other polar solvents, it produce.'; 
a brown rather than purple solution with bands at S50 and 1040 f (Fig. 
S.hO). It is only necessary- to add a drop or tAvo of alcohol to a purple 
CHCls-iodine solution to change it from a purple to a brown color, 
showing that the resonating molecule is apparently dissolved in the 




184 ABSORPTION SPECTRA (APPAEATUS AND METHODS) 


polar solvent (alcohol), and that this complex or solution is in turn dis- 
solved in the nonpolar solvent. A similar example of this solvent effect 
is shown in the absorption spectra of phenylazophenol in mixtures of 
alcohol and benzene and in mixtures of alcohol and CCI 4 (Tig. 8.41 and 
8.42). These latter experiments also show that Kundt^s law (absorption 
band of a compound is shifted in accordance with the refractive index of 
the solvent) does not hold. Less than 1 per cent of alcohol is sufficient to 
shift the position of the absorption band from 875-880 to 855 f. In view 
of this rather marked shift, and the known alteration in the band ap- 
pearance itself with pure nonpolar solvents, it would seem advisable to 



Pig. 8.42. — Effect of mixtures of alcohol and CCh on the dielectric constant and 
absorption frequency of phenylazophenol. (dotted line = frequency.) (Erode [CJf ].) 

be quite sure of the purity of the solvent or else to add sufficient alcohol 
or other polar solvent to obtain uniform and consistent results. 

The effect of temperature on the absorption spectrum of a solution will 
be indicated in the restriction of molecular vibration as the temperature 
is lowered, so that at temperatures of liquid air or lower many colored 
compounds will become colorless. At room temperatures and higher the 
effects are largely those shown by polar solvents in which a reaction takes 
place between the chromophore and the solvent. Such effects as the 
change in intensity of iodine in alcohol and the pink to blue color change 
of aqLueous or basic cobalt solutions are of this type. Another effect 
which is of importance, although little has been done in the held, is that 
of thermochromic compounds which are colorless at low temperatures 
and colored at high temperatures in what appears to be a reversible re- 
action with the chromophorie structure being induced by the higher 
temperature. An example of this type of compound is found in l-(o!- 
dimethylaminobenzyl) -2-naphthol {C26 ) . 
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Absoeption Spectra (Thboey of Measureiiext and Recording) 
(Ala, B^O, B4.S, B14) 

The transmission (T) of a substance is a measure of the light intensity 
transmitted (I) by the material as compared to the intensity of the inci- 
dent beam (1q). 


The transmission factor (T) cannot be greater than unity. The per- 
centage transmitted (transmittancy) (^) is obtained by multiplying the 
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a b c 

Tig. 8.4:3. — Grraplucal indication of absorption spectra. 

a. Extinction (E) = log r„/l 

b. Log E 

c. % transmitted = 100 >< ///o. 

Note lion' percentage transmitted curves flatten the peaks and reduce tlie significaiiee 
of high absorption as compared with low absorption values. 


transmission factor by 100. In accordance with Beer's and Lambert’s 
laws, the following relationship between I and /.j is found to hold: 

i = 7uT0--'^ (2) 

where k is a constant for the wavelength and compound under observa- 
tion, c the concentration, and d the thickness of the cell. For solids of 
unknown concentration the c will drop out and the expression becomes 

T = h- 10 -^'^ 

In this form the equation is essentially the Bunsen and Roscoe relation 
in Avhich k is defined as the extinction coefficient in accordance with the 
following relations: Let 7o he the intensity of the incident light which 
enters the medium, I the intensitv’- after its subsequent passage through 
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tlie path length (d), and Ic, a constant depending on the medium and 
wavelength (Pig. 8.43a). The Bunsen and Boscoe extinction coefficient 
is the reciprocal of the thickness which is necessary to Tveaken the light 
to one tenth of its incident value (CSo). 

Lambert’s law may be expressed thus: the proportion of light ab- 
sorbed by a substance is independent of intensity of the incident light but 
varies directly as the logarithm of the thickness. For all substances which 
have been examined this law has been found to hold. Beer’s law states 
that the proportion of light absorbed is directly proportional to the 
number of molecules of absorbing substance through which the light 
passes. 

Since k, c, and d are the determining factors in recording data, and, in 
general, an attempt is made to match or equate light intensities, the ex- 
pression of Bunsen and Eoscoe is more useful in the form 

hcd - — logio 7- 
iQ 

It is quite acceptable to write —log 7//o as -f log In/I although publi- 
cations from the Bureau of Standards {BI4) record hcd as a negative 
value and plot downwards on an ordinate basis. Curves from the Bureau 
of Standards are known as “spectral transmission” or “spectral ab- 
sorption” rather than absorption spectra curves and have “peaks” or 
maxima at the bottom and minima at the top of the graph. There is a 
uniform agreement among practically all other workers {B20^ B5S, B5S) 
to plot absorption spectra curves with the extinction arranged as a posi- 
tive value along the ordinate of the graph form (Pig. SASb). 

Since k in the Bunsen equation is a fixed constant independent of the 
concentration and thickness (c and d), and the observed value is the ex- 
pression log In/ 1, or its equivalent which is hcd, it is obvious that this 
expression is in itself a useful form, and hence we may indicate 

B = Jccd 

where E is defined as the extinction coefficient or extinction, and k as the 
specific extinction, i.e., the extinction for a unit concentration and unit 
thickness. The same differentiation exists here between the extinction 
values as between other physical properties such, as optical rotation or 
density. In optical rotation we use an expression a to indicate rotation, 
another expression [a] to indicate specific rotation (i.e., rotation per unit 
concentration and nnit cell thickness), and, lastly, an expression [M] 
to indicate rotation per unit molecular concentration and thickness. The 
same may be said with regard to vp-eight, specific weight, and molecular' 
weight- It would therefore seem quite logical to use some expression to 
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iadicate molecular extiiietion, e.g., e. ^vllich is equivalent to the speeitic 
extinction, k, multiplied by the molecular weight. 

On account of the great differences in the extinction values of certain 
compounds, it is often more convenient to plot as ordinate values log k. 
log E, or log €, so as to enable one tc> 
make a better comparison between 
compounds with weak and strong ab- 
sorption values. It will be noticed that 
the recording of log E values for the 
same curve at ditferent concentrations 
will produce a curve of the same shape ^ 
but of different ordinate values (Fig. -I 
8.43c). I 

Beer’s law has been shown to apply I 

to most solutions, except where some 5 
chemical reaction takes place, such as | 
association, ionization, or dissociation, i 

which will change the nature of the 1| 
chromophore or the number of mole- i 

cules in solution. In general it can he 
assumed to apply, and must be so as- 
sumed to apply, when quantitative 
analyses are made by means of extinc- i 

tion values in solations of uuknOTi-n „ s.44.-Afeorptioa spectrum of 

concentration, unless a known series benzene <after Eurtky [Ctf;?]) . 
of standards has previously been 

prepareil and the amount of increase or decrease in the absorption 
caused by solution action is determined for various con ceutrat ions. 

In 1833 Hartley published a series of observations on the absorption 
spectra of determinations on an instrument used by Miller in 1S60, on 
which the first serious investigations on absorption spectra had been 
made {063). In his experiments. Hartley recorded the thickness uf the 
solution at w’hich light ceased to be transmitted by the solution. B\- 
increasing or decreasing the thickness of the absorbing cell he cnuld 
record a quantitative indication of the absorption baud shape qFig. 8.44 . . 
The recording of the logarithm of thickness rather than the thickness 
(Fig. 8.3) was soon shown to give a much better indication of tht‘ ab- 
sorption. Similar observations also were made keeping the cell thickness 
constant and gradually diluting the solution so that the absorpition curve 
was obtained by plotting the wavelength values against the concentra- 
tion or logarithm of concentration (Fig. 8.45). In many of these earlier 
data the curvevS were produced by straight lines with sliai-p angles, and, 
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though they give a qualitative representatiou of the absorption, they do 
not supply sufficient accuracy to satisfy the exacting requirements of our 


2000 3000 4000 



Fig. 8.45. — Absorption spectrum of c>;-aaphthaquinone (Baly and Stewart [SS4]). 
analytical methods of today. The curves for p-phenylazophenol 
(Fig. 8.46) as obtained by three earlier workers can be compared with 



the same curve as obtained by theEilger sector photometer method {Cll) 
(Fig. 8.47), in which the accuracy of observation is considerably better 
than the size of the circles which indicate the points. 
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It is unfortunate that so much effort was put into quantitative e meas- 
urements on the log thickness or concentration methods since equal 
photographic density is not produced at different wavelength values by 
equal transmission, and in the absence of a photometer or comparison 
series one cannot do much more than accept the wavelength position of 
the bands from the earlier work, and this may often be in error. 

Practically all the data that have been published in the last twenty- 
five years have been of an accurate quantitative nature, but the lack of 
agreement as to the proper ordinate or abscissa often makes the exact 
interpretation of the data uncertain. One finds such terms as extinction, 
absorption, transmittancy, absorption coefficient, extinction coefficient, 
specific extinction, specific transmissive index, and many others as an 



Fig. 8.47. — Absorption siiectrunaof p-plienylazoplienol in alcohol (Erode [C'/dl- 

expression for the relation log lo/I (or kcd) , and in other cases the same 
terms for log A’, or molecular extinction (e). In the abscissa terms one 
finds a division of opinion between the use of wavelength or frequency 
and in each of these divisions a further subdivision as to whether vvav-e- 
length should be expressed as angstroms or millimicrons and whether 
frequency should he expressed as wavenumber (cm~^) or true frequency. 
INIany workers in a desire to conform to all schools of thought have in- 
cluded abscissa values in wavelength, vvav’enuniber, and frequency 
values on the same figure. 

In the field of emission spectra, angstrom units have become so thor- 
oughly accepted that no change or alternation seems either likely or 
desirable, although wavenumbers are important in this field, and one of 
the extended spectrum tables (Harrison, 100,000 principal lines) lists 
the lines both by wavelength and wavenumber. For the analysis of the 
spectrum into its terms and series it is essential to have the data in wave- 
number or frequency rather than wavelength form. In the field of ab- 
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sorption spectra the presentation of data in a frequency form is essential 
to the complete analysis of the carves. N'early always if two or more 
bands occur in the same absorption spectrum and are due to the same 
resonating group it can be shown on a frequency presentation that the 
observed bands are whole-number multiples of a fundamental frequency. 
One might expect this effect to be apparent for simple structures such 
as benzene (Fig. 7.2), hut it is also apparent in complicated structures 
(Fig. 8.48) such as the dye Light Green SF Yellowish in which bands 
occur at frequency values of 472, 705, 945, and 1185 f. On the basis of 236 
as a fundamental frequency, the calculated position of these bands would 
be 472, 708, 944, and 1180 f, corresponding to 2, 3, 4, and 5 times the fun- 
damental frequency. It is interesting to note that in most of these com- 



plex structures the first multiple of a series is missing and those immedi- 
ately following the missing component are more intense than other 
components. Another good example of the multiple-frequency series in 
complex molecules is furnished by the cobalt halide series of bands in 
halogen acids (Fig. 7.4 and Table 7.1), in which hand series are shown 
to exist as multiples over an extended range. 

The majority of observations in absorption spectra studies are made 
with prismatic instruments, and, as such, the dispersion is more nearly 
linear on a frequency rather than a wavelength scale. Hence, on a fre- 
quency scale the slit width, error in measurement, and the like are nearly 
constant throughout the curve. It is recommended that all absorption 
spectra determinations, therefore, should be recorded in frequency rather 
than wavelength abscissa values. It is probable that little change can be 
expected in the recording of visual data used by color analysts, and many 
visual instruments are built with calibrations in wavelength rather- than ' 
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frequency. In the recording of visual color in -wavelength values it is 
desirable to use millimicrons (m/i) rather than angstroms (A) since the 
accuracy of the measurement of wavelength values of absorption or re- 
flection curves does not justify the greater accuracy indicated by the 
use of the angstrom notation. The millimicron may be defined as equiva- 
lent to 10 A or as 10"^ meter. In our systems of numerical nomenclature 
Nve use milli- to indicate a thousandth and micro- to indicate a millionth : 
therefore a millimicron, or ziijn, is a thousandth-millionth of a meter, or 
meter. There has been a tendency to assume that micron should 
indicate a thousandth of a centimeter, and the expression for the unit 
equivalent to 10 angstroms would thus become a micromicron, which 
is not a correct use of the term micron. It should be remembered, how- 
ever, that in articles where the symbol occurs it is equivalent to m/i. 

The conversion of -wavelength values (X) to frequency values (v) can 
be accomplished easily by means of the reciprocal relations 

1,\= wavenumber 
c - 1 X = c-/ = y = frequency 

where c = the speed of light, or 2.90796 X 10‘° eni per sec ; X = the wave- 
length ; and y' = the wavenumber in centimeters per second. For absorp- 
tion spectra measurements the accuracy of determination is such that 
it is within the possible error to choose c as 3 rather than 2.99796 X 10^®, 
and hence, to convert millimicrons to our accepted unit of frequency, 
which is known as a fresnel (f) , we will use the relation 

f _ — = frequency (p) in fresnel units 

X in m/Li 

or, approximately, vibrationsper (second XlO"’--). The choice of the fresnel 
as a unit for recording visible and ultraviolet data is very satisfactorv’’ in 
that the units are not un-^rieldy like the reciprocal centimeter values, and 
they provide the same numerical dimension as the millimicron within the 
vi.sible range. The limits of the visible range in millimicrons are from 400 
to 7d0, and, since the reciprocal of 400 multiplied by 3 X 10^ equals 750, 
the fresnel units are of the same dimension for the visible spectrum, 
namely, from 750 to 400 f (Fig. 1.2). It follows then that any relation in 
one system may be equated to a similar relation in the other system, as, 
for example, if 500 inju = COO f, then 600 niAi = 500 f. The conversion 
fi't)m one system to another therefore is quite simple, and a table has 
been supplied (Table YU I in the .Appendix) for this purpose. 

In order to establish a more uniform system of nomenclature and 
recording of absorption spectra data, it is suggested that an effort should 
be made to record all absorption spectra curves with extinction values 
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plotted with an upward increase in numerical value, and that, as far as 
possible, frequency values be used as fresnel units and plotted with 
increasing values to the right. This would place the blue or ultraviolet 
on the right of the curve and the red or infrared at the left. To avoid 
confusion with wavelength notation it is suggested that these latter 
values should be plotted with lower numbers on the right so that, as in 
the frequency curve, the blue or ultraviolet will he on the right and red 
or infrared on the left. 

The author admits that he has not always followed with exactness the above 
suggestions of recording spectrophotometric data either in. this book or in his pub- 
lished papers. The data published in previous papers have been arranged in part to 
conform with the requirements of the laboratory in which the work was done. It 
has been felt worth while in this book to introduce some of the variations which are 
encountered in the literature so as to indicate methods and types of presentation of 
spectrophotometric data. In general, however, the suggested system has been fol- 
lowed, and it is hoped that eventually a more uniform system of spectrophotometric 
nomenclature and presentation may be adopted by the workers in this field. 
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Tig. 8.49a. — Absorption spectrum of 2,5-dichloropheaylazo-/3-naphthol(conc. =0.216 
eg per 100 cc, cell = 0.5 cm). If. Hilger sector photometer method with under- water 
spark illumination. 

Determination of Absorption Spectra 
Ie the determination of absorption spectra by visual means, there are 
usually two variable adjustments in the measurement; one may vary 
either the wavelength, (or frequency) value, or one may vary the ex- 
tinction value in order to determine a match point. In the ultraviolet 
instruments and other recording types, one of these two values is usually 
fixed in advance and a series of observations for match points are made 
by changing the other factor. In the sector or diaphragm photographic 
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methods the sector or diaphragm is set for a definite extinction value 
and the wavelength is varied by taking a complete spectrogram (200 
to 700 mg) in the photograph, which is then examined for match points 
(Fig. 8.49). In the photoelectric method such as the Hardy . Hogness, 



Fis. 8.496. — Match point. 

or Harrison procedures, one sets the wavelength to a definite value and 
then varies the extinction to a match point- Where one has the choice 
of method, it is advisable to set the component which more nearly par- 
allels the absorption curve and to vary the component which more nearly 



Fig. 8.50. — Absorption spectra of plieuylaz:o-^-naphth.ol in alcohol. Hilger soetor 
photometer method with Fe-N'i arc illnmination. N". 


crosses the curve at right angles, i.e., if a sharp curve is to he recorded 
one would set the extinction to definite values and w’ould vary the wave- 
length, whereas if the curve is broad and fiat one w'ould set the wave- 
length at definite values and would vary the extinction. 


194 ABSOEPTIO^^ SPECTRA (APPARATUS AND METHODS) 


For purposes of reading an ultraviolet plate it is suggested that the 
negative be spotted (on the glass side) at the match points (Fig. 8.50) 
and then the frequency values be determined by superimposing a read- 
ing plate (Fig. 8.51). K convenient form of recording these values on a 
data sheet is illustrated in the experimental section (Fig. 12.37). 

Spectrophotometers are usually standardized or calibrated by means 
of known filters of glass which have been compared on other instru- 
ments. On account of the variable thickness and composition of glass it 
is difficult to select any glass as a standard, although curves are avail- 
able on many of the Corning and Jena filters (Handbook of Chemistry 
and Physics, 22nd edition, pp. 1572-1685 Three solutions which 

can be accurately prepared have been suggested as standards for calibra- 
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Fig. 8.51. — Frequency reading plate. 
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tion work. These are potassium chromate (Fig. 8.52 and Fable 8,2), 
azobenzene (Fig. 8.2 and Table 8.1), and potassium nitrate. 

A logarithm sector or graded wedge placed in front of the slit of a 
spectrograph which is illuminated by the light from an absorption cell, 
or the use of a wedge cell, will produce a qualitative indication of ab- 
sorption band position and intensity, which is quite satisfactory for 
many purposes and is used extensively at the present time (Fig. 8.4). 
Mees {JBS9) has published an atlas of absorption spectra of a number of 
compounds studied by this method. By the same method the relative 
sensitivity of a photographic plate can be indicated, assuming a uniform 
light source. A comparison of the plate sensitivity curve as against 
that of an absorbing material observed under equal illumination con- 
ditions will give a more accurate conception of the nature of the absorp- 
tion hand of the material. 

The methods of quantitative absorption spectrum determination re- 
quire a measurable light intensity, and hence are limited to the rnaxiinum 
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cMtinctioii value that can be directly observed. Values of extinction 
greater than 3.0 are difficult if not impossible to obtain, and as a general 
rule extinction values should be measured between 0.5 and 1.8, in sector 
methods, or between O.o and 2.5 in diaphragm methods. For values 
which ext end beyond these limits solutions of different thickness or con- 


2 50 300 350 400 



Fig. 8.52. — Absorption spectrum of potassium chromate. Molar .solution in 0.05.V 
KOH. d = 1 cm; • sector method; photoelectric method; o, arc screen; -o-, 
spark screen. (Itossler-van Halban-Scheibe-Morton [CIO!, C1Z9, ClOS, CST].) 

centration should be used, and if a change in concentration seems neces- 
sary the data should overlap sufficiently to test the vuilidity of Beer’s 
law for the compound. The number of observations or points on the 
curve that it will be necessary to determine will, of course, depend upon 
the kind of curve. Bor a simple azo dye such as 2 )-benzeneazophenol (Fig. 



Tig. 8.53. — Absorption spectrum of heazaurin in alcoholic KOH (1 mole dye to 
60 moles of 3COR). (o) c == 0.0421 gram i>er liter, d = 0.33 cm.; i^) c =0.6421, 
d — 1.0; ( 9 ) c = 0.0421, d = 0.33. (Gibbs and McNulty {CSl].') 

8.47) it can be seen that points closer than 0.1 e.xtiiiction unit are un- 
necessary, whereas for a rare-earth glass sample (Exercise 8) it is 
necessary to have wavelength settings of about 2.5 m/r separation to 
determine the curve accuratel^^. It is therefore of some interest and 
importance in the publication of absorption data in molecular or specific 
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extinction values to iadicate the data points, concentrations, and cell 
bhiehness which were employed so that the accuracy of the observation 
can be judged by the reader. Some observers in the presentation of 
accurate data indicate such concentration and cell changes by various 
types of points on the specific or molecular extinction curve (Fig. 8.53) 
In general this is not necessary if concentration ranges and observational 
intervals are indicated. 
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CHAPTER IX 


APPLICATION OT ABSORPTION SPECTRA DATA 

Collections of Dati 

It is not possible, in th.e space available, to go into any detailed dis- 
cussion of the application of speetrophotometric methods to studies on 
the determination of structure, biochemical problems, and industrial 
applications that can utilize speetrophotometric methods. In contrast 
to developments in the held of emission analysis, the possibility of the 
application of quantitative methods in absorption spectra analysis was 
recognized at a very early date, as is evidenced hy the publication of a 
book by Kruss {B26) in 1890 on quantitative spectroscopic analysis, 
dealing with quantitative absorption spectra methods. The nature of 
absorption bands, however, prevents the detailed analysis that is pos- 
sible in emission spectra, and hence vve have no good compilation or 
method of classification of absorption spectra such as we have in the 
Kayser, Harrison, and other emission tables. The number of elements 
available has a finite limit, but there appears to be an unlimited number 
of absorbing resonators available in organic and inorganic molecules, so 
that an altogether different problem is faced in the classification and 
cataloging of absorption spectra data. 

Several collected lists of organic and inorganic compounds, whose ab- 
sorption spectra have been recorded, have been prepared. The usual 
classification has been alphabetical, although in some cases the com- 
pounds have been arranged according to chemical character. In many 
cases curves or band positions and extinction values have been included. 
Among such collections are the following; 

1. Baly, E. C. C., Stewart, A. AT., and others, a list of compounds whose 
absorption spectra have been studied, covering work up to 1927. Proceedings 
of the British Association for the AclTancement of Science CC.2). 

2. Henri, Y., and Bruninghaus, L., “Tables antiuelks de constantes et donnees 
ntimeriques, Donnies numdriques de spectroscopie. ” Volumes I to XII covering 
work published between 1910 and 1936 give about 759 pages including curves 
or numerical data obtained from theses and previously unpublished data {BdO''- . 

3. Carr, E. P., Sherrilb M. L., Henri, V,, Gibson, K. S., Becquerel, J., and 
Eossignol, J., “International Critical Tables,” Vol. V. A collection of data and 
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curves on inorganic and organic compounds. Over 3,000 organic cojiipouiuls 
are ineliided in a formula index, covering data to 1926 {B6). 

4. Landolt-Bornstein “Physikalisclie-chemische Tabelleii,” edited by AV, A. 
Roth and K. Seheel, 5th edition (1923) and three supplementary editions co\-er 



Fig. 9. L— Portion of a page of Fasareff's "Atlas des spectres” (absorption spectrum 
of methyl violet) (BS6). 

the literature up to 1934. These tables include data and curves on organic and 
inorganic absorption spectra {A 46) • 

5. Brode, W. R., "Recent Applications of Absorption Spectropbotometry,” 
a supplementary revision covering a selected list of references up to 1932 


X 



Fic. 9.2a. — Transmission spectra of glass filters. 1. ,Iena BGS. 2. JenaVG2. .3. Corn- 
ing 351. 4. Corning 245. 5. Corning 440. 6. Corning 557. 

6. Formanek, J., "Qualitative Spektralanalyse anorganischer Korper’’ and 
"tJntersuchung und Nachweis organischer Farbstoffe auf spektroskoi^isclien 
Wege” (1900, 1908, and 1926). Qualitative and semiquant it ative indication of 
the absorption spectra of a large number of inorganic and organic compounds 
with special emphasis on dyestuffs (B/£). 

7. Mees, E. C. K., "Atlas of Absorption Spectra." Photograj:>]nc roprodiit- 
tions of wedge spectrograms of important dyestuffs (1909) (£39). 
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S. Jones, H. C., “The Absorption Spectra of Solutions.” Qualitative and 
semi quantitative spectrograms of inorganic salts ia solution (1909) 

9. Lasareff, P. P., and NTedopekin, P. 'M., ‘‘Atlas des spectres des .substances 


5 : 



Fia. 9.2i. — Transmission .spectra of gelatin filters for tricolor reproduction. 
Eastman Blue Co (No. 47), Green B (No. 58), and Red -A (No. 25) [CJA9]. Dotted 
line indicates spectral sensitivity of panchroniatie emulsion. 

colorantes.” Quantitative visual spectrophotonietric nieasurenieiits on 746 or- 
ganic dyestuffs, incdadiiig curves and numerical data (1927) (Fig. 9.1). 

10. Ellinger, F., “Tabulae Biologicae/’ Yol. XII (1937), a collection of ab- 
sorption spectra curves of natural products (proteins, sugars, acids, etc.) {BlCf). 



Fig. 9.3.— Iodine color witti starch. 

For a discussion of the application of spectropliotoinetric data, good 
general review articles are to be found in the section by Ley (fiJd) in 
Yol. XXI of the “Handbiich. der Physik,” the sections by Ramart- 
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l.acas and Leconite in Vol. II of Grigiiard’s "'Traite de 

ehimie oiganique/ ’ the sectioa by Scheibe {B49) in VoL IX of the 
'‘Hand- nnd Jahrbuch der chemischen Physik/' and Twyman and All- 
sopp (Ba3) “Practice of Spectrophotometry/’ as well as the general 
references indicated in the bibliography. In connection with compounds 
of a biological nature there have been a number of compilations of ab- 
sorption spectra data and methods such as those found in Heihneyer’s 
''ZMedizinische Spektrophotometrie’’ (BIS), Schmnm’s Spektrochem- 



Fig. 9.4a. — Spectrophotometric curves for Agalma Black lOB (Brode [(77]). 
The inside line is the curve for the pure dye (10 lag per liter, thickness of solution 
2 ear, temperature 25°C, in acetate bufier solution, pH 6.0). The carves of the 23 
commercial samples lie within the shaded area, the majority of them within the 
heavily shaded area. 

ische Analyse nattirlicher organischer Farbstoffe” (.Bo€), or the com- 
pilation by EUinger on the absorption spectra of natural products 
(proteins, sugars, etc.) in the ''Tabulae Biologicae,” Vol. XII (BIO). 

Transmission curves of colored glass and light filters have been listed 
in the publications of the Colorimetry Section of the Bureau of Standards 
{C12S) and in manufacturexs’ publications, especially those of the East- 
man Kodak Company, Corning Glass Company, and Jena Glass Works. 

QUAKrTITATIVE ANALYSIS 

In the application of absorption spectra methods to quantitative 
analysis one may measure the extinction coefficient directly if the com- 
pound to be examined contains a resonating group and is free from other 
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resuiKiting substances which produce absorption at the wavelength for 
the absorption band of this compound. In some cases where impurities 
prevent the direct determination one can take adt^antage of reactions of 
the resonating compound for which analysis is to be made, i.e., some 
other compound or reagent maj' be added which will produce a colored 
reaction whose intensity will give a direct measure of the quantity of 
the resonating compound that is present (Fig. 9.3). 

In many dye laboratories the quantitative determinations of the 
amount of d^^e in a sample are made by the spectrophotometer, w'hich 



Fits. 9.46. — Strength of commercial samples of Agalma Black lf)B. 

O strength by dyeing test, 
o titanous chloride titration. 

• spectrophotometiic method. 

Above the sample number is given the “shade” of dyeing as compared vith 
Sample 13. 

OK = same as 13. D = duller. 

G = greener. X = foreign sample. 

R = redder. 

Note that in all cases where the spectrophotonietric v'alue is decidedly in variance 
with the other methods there is also a decided red or dark shade in the sample indi- 
cating impurities. (Erode ICr].) 


gives an indication of the quality as well as the quantity of dye present. 
In this method the presence of salts or other nonabsorbing coiiipouiids 
will not interfere with the determination (Fig. 9.4:). Slight amounts of 
colored impurities in a dyestuff can be detected and often identifirnl 
both qualitatively and quantitatively by a stiidy of the subsidiary dyes 
present. In a study of the commereial dyestiiif, Agalma Black lOB, it 
was found that the impurities w'ere eoncentrated in the mother liquor so 
that the identification could be made from the residual solution after a 
Ifi per cent dyeing (Figs. 9.5 and 9.6). 

The amount of dye or other substance, in accordance with larabert's 
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and Beer’s laws, can easily be determined from the known thickness and 
extinction values by means of the following formula: 

Iog/o// _g 

kd kd 

Broni the known extinction coefficient (k) of the pure compound arid 
the observed extinction (S'), it is possible to calculate quite accurately 
the concentration (c) of the absorbing substance. This method is exten- 
sively used in the analysis and standardization of commercial dyestuffs 
and colorimetric reactions, without the necessity of purification or 



Pig. 9.5. — Absorption spectra of: 

(1) Mother liquor from a 16 per cent dyeing of a commercial sample of 
Agalma Black lOB whose shade was rated as RRR by dyeing tests. 

(2) Agalma Black lOB spectrum. 

(3) Impurity spectrum (Brode [(77]). 

separation from other nonabsorbing materials, such as mineral salts, 
which are usually present. 

In the quantitative estimation of vitamin A. it has been shown that 
fish oils do not contain absorbing substances, other than vitamin A, 
which show an absorption band at 328 m/x. It is therefore possible to 
estimate accurately the amount of vitamin Ain a sample by a determina- 
tion of the extinction coefficient of a known concentration and thickness 
of the oil sample. Since the compound, vitamin A, is still unknown from 
the standpoint of molecular size and composition, it must be assigned a 
specific extinction value for quantitative comparison. It has been agreed 
to use the factor, 

X 220a = lU 

■which indicates that a 1 per cent solution of the oil in a 1-cni cell wdll con- 
tain per gram, in its original oil sample, the niiiiibei' of international units 
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(Miiiivalent to its e:xtinetion multiplied by 2200 (see experimental section 
page 278). 

The methods of quantitative speetro photometric analysis have been in 
practice for some time, as indicated in the ‘‘Manual on Quant it ative 
Spectroscopic Analysis,'” published 




riL. 




by Kriiss {B2o) in 1890 and revised 
in 1909. It is obvious that the use of 
spectrophotometric methods should 
be of considerable advantage in the 
examination of colored liquids and 
especially in the quantitative estima- 
tion of a colored impurity in a solu- 
tion which is originally colored. 

Two examples of this type might be 
mentioned: (a) the determination of 
the pH concentration of a colored 
solution, and (6) the determination 
of the hlood volume of a patient. In 
the second determination, a dye 
such asT-lS2-i(e--toli(iine diazotized 
and coupled to 1-amino-S-naph- 
thol-2,4-disulfonic acid), which has 
an absorption band at 505 mix, a 
point of maximum transmission of 
the blood solution (Fig, 9.7), and 
which is not rapidly absorbed in the 
system, is injected in a known quan- 
tity into the blood stream. Alter a 
fixed time a blood sample is withdrawn and the amount of dye deter- 
mined spectrophotometrically hv' setting the wavelength drum of the 
spectrophotometer at the absorption band position for the dye and 
measuring the extinction. From this value one subtracts tlie known 
hemoglobin absorption at this wavelength, and from a previously pre- 
pared standard the amount of dilution can be estimated, and hence tlie 
hlood volume determined. 


Fig. 9.6. — Felation between amount 
of l-amino-S- nap lit hoI-3 ,6 -disulfo -7- 
azobenzene present in original sample 
and in solution after a 16-per cent dj*e- 
ing (Brode [(7?]). 


The spectrophotometer has been extensively used in inorganic as well 
as organic analysis, and one finds it almost indispensable in the purificu- 
tioii of the rare earths, where the total color of the salt, as indicated by 
the area in eluded in the absorption band, is low, but where the very in- 
tense nature of the absorption bands permits an accurate estimation of 
the amount of element present in a very dilute solution. .Viiother great 
advantage of the speetrophotonietric method of anali'si.'^ is the small 
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ainount of material requii’ecl for analysis. By t-iie use of micro .absarption 
cells (Fig. 8.37) it is possible to make accurate observations on less than 



Fig. 9.7. — Absorption spectra of hemoglobin (Hb) and dyes used for blood volume 
determinations (T 1824: and Yital Hed). 

a cubic centimeter of solution, and to estimate the amount of dye in this 
solution when it may contain less than 0.01 gram per liter of original 
solution. The spectropbotometric method can he used not only to de- 



Fig. 9.8. — Spectrophotometric determination of hydrogen ion concentration. 
a. Absorption spectra of bromocresol purple at the indicated yH values. (Note 
isobastiq.ue point at 498inju.) 

&. The dissociation curve calculated from the extinction and yH values. (Dotted 
line indicates dissociation constant for the indicator.) (Erode [C6 ]. ) 

termine the presence of a small amount of a compound but also to meas- 
ure the purity of a compound when the possible impurities may be 
colored substances. 
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General Applications 

An important field of application of spectropliotometrie methods is in 
the determination of conditions of state such as hydrogen-ion concentra- 
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Pig. 9.9o. — S pectropliotometrie deteririination. of hydrogen-ion concentration; simple 
indicator (cresol red). 

tion, oxidation and reduction potential, the equilibrium between tauto- 
meric fonnsj and the measurement of reaction rates. The following 



Fig. 9.9i». — ^Spectro photometric determination of hydrogen- ion concentration; mixed 
indicator (method red + bromothy mol blue) . 

t'.Mainples should illustrate the method of application ainl may suggest 
similar uses. In a study tif iTulicators (Cl)) it has been shown tliat the 
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ctange of pH Taliie of the solution results in a change in intensity rather 
than wavelength shift of the absorption band, thus indicating the elim- 
ination of one resonating system and the formation of another. This 
change from one system to another is inversely proportional to the 
relative extinction coefficients, and hence there will be a point (Fig. 9.8) 
where the extinction curves should have a common value at any yH 
concentration. Such a point is known as an isobastique point, and the 
ratio between the extinction at this point and the extinction at the ab- 



Hydrogea-ioa concentiatioa. 

Pig. 9.9g. — S pectro photometric determination of liydrogen-ion concentratiou ; rela- 
tion between the extinction coefUeient of band maxima and 'pB. of solution for tie 
following indicators; thymol blue (TB), bromopienol bine (BPB), methyl red (MR), 
bromocresol purple (BCP), bromothymol blue (BTB), neutral red (NR), plienol 
red (PR), cresol red (CR), and phenolpithalein (PP). (Erode [CO].') 

sorption band maximum will provide a means of indicating the pH con- 
centration of the solution which will be independent of the concentration 
of the indicator used. 

Ill the determination of reaction rates and tautomeric equilibria, one 
may ascertain the degree of hydrolysis, association, dissociation, enoli- 
zation, etc., by the measurement of the absorption spectra of compounds 
that produce different spectra before and after the reaction occurs 
(lig. 9.10). Tile existence of free keto and aldehyde groups in sugars, 
the conditions in tautomeric equilibria between the enol and keto forms, 
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Excess of HCl 


Slight excess of HCl 

Efinunolecular amounts 
of HCl and Q 

3.80 moles of HCl per liter ^ 
a 

1.20 moles of HCl per liter ^ 
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0.007 mole of HCl per 
liter 

Quinoline 


Fig. 0.10. — The cliange from tlie “P.v-Q" (pyriditie-quituiliiie) .system, through the 
“iiitermediute” system to the “IIX” (halogen acid) system, caused by the addition 
of hydrochloric acid to a solution of cobalt chloride in quinoline. (The curves in this 
figure are only a few of the some 50 curves, observeci at various quinoline-hydro- 
chloric add concentrations. They have been chosen to show characteristic stages or 
transition points in the change of the absorption aysteiirs. The concentrations of 
cobalt chloride in all solutions were approximately ().0043 iiioh' per liter.) (Erode 

[cie].) 
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tlie formation of coordination complexes and chelated rings (Fig. 9.11), 
and the existence of intermediate compounds in a series of reactions 
can be indicated by spectrophotometric methods. Dimroth has shown 
the application of time or reaction rates to the irradiation change 
in certain sterols (€43) (Fig. 9.12). Erode and Magill have made a 



Pig. S.ll. — Coordinated tia-halogeii complexes. (See Table 9.1) (Fromherz and 
Walls.) 

similar time extinction stndy of the antimony trichloride reaction 
with witamin-A-containing oils (C27) (Fig. 9.13) and hare demon- 
strated the feasibility of rapid observations on a fading solution to 
determine the reaction rate and, by extrapolation, the theoretical initial 
e.xtinction value. 



The interrelation between absorption spectra and refractive index or 
optical rotation is indicated by the formulas for the calculation of these 
effects, in which the wavelength or frequency of the absorption band is 
an. important factor. In the study of rotatory dispersion of asymmetric 
organic and inorganic compounds, it has been possible to analyze the 
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absorption spectrum and lb' rotatory disporsior curviMiUainod. sous to 
indicate the portions of the molecule that are resjtonsihlt* for the various 



Fig. 9.13.— Change of extinction coefficient values (608 mja band) xiith time, in 
the SbCls-vitnmin A color reaction for various concentrations of cod-liver oil. The 
concentration of SbCls in these solntions was 18.5 per cent (saturated). The extinc- 
tion coefficient values have been reduced to equivalent oil concentrations. (Erode 
andMagill[a-.57].) 


A- 



Fig. S. 14. —Relation between optical rotation (B) and absorption (.1). Observed 
rotation (3) is resolvable into curves (5) and (4). Carv'e 5 is associated with the 
absorption center of absorption band (1) and is based on the Niatanson-Drade equa- 
tion with an inflection at 0 rotation at the frequency of the ab.sorption band. 

effects which add together to produce the observed effect (Figs. 9.14 
and 9. 15) . 


il {. 
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Prediction- uf Structure 

One of the most important uses of absorption spectra data has been in 
the prediction of structure and proof of synthesis. Many of the complex 
naturallv occurring compounds are available in such small amounts, or 


600 500 400 300 250 



Fig. 9.15. — Absorption and rotatory' dispersion of octyl nitrite. 

a . Rotatory dispersion analy'sis based on absorption band centers. 

b. Summation of rotatory dispersion analysis (dotted). 

Observed rotatory dispersion (solid). 

c. Observed absorption spectrum (Kuhn and Lehmann {C74\). 

are so unstable, that they cannot be readily isolated from their surround- 
ing media. It is fortunate in many of these cases that the surrounding 
medium does not absorb light or does so only in a limited spectral region, 
so that the substance often may be characterized b^'’ its absorption, and 
the concentration of aetive constituent accurately estimated (e.g.. 
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vitiuniii A). Oiio often nmy predict certain structural features from tla’ 
absorption spectra alone l)y comparison with similar compounds of 
koa\vn structure. Chemical tests may show the pi’esence of certain 
groups, hilt not necessarily the position of such g:roups in the complex 
molecule. By comparing; the absorption spectra of existing or synthesized 
compounds of known similar structure with the absorption spectrum of 
the unknown compound, one can eliminate certain structural possibilities 
(Figs. D.K) and 9.17). Such a procedure is ilkistrated in the determina- 
tion of the structure and iii the synthesis of vitamin Ri fC??/'i. The final 
proof of structure is the synthesis of the predicted structure and its 



Fig. 9. It). — .Absoiption spectra of the 
aniniDiiia cleavage product of vitaniia 
Bi iuid related pyriiiiidines. ( 1) Cleavage 
product. (2) 2,5-Dimetliyl-6-anunopy- 
riiiiidiiie. (3) 4,5-I)iitit‘thyl-2,6-dianiLino- 
pyriinidine. (4) 5-Ethyi-4,6-diaminopy- 
I'iruidine. (o) 4-lMetiiyl-5,6-diaminopy- 
rimidino. CWillianis and Ruehle [C/2].) 


12 ; 



( ) vitamin Bi hydrochloride.s 

13 - (4 - amino - 2 - methyl - 5 - pyriini- 
dylruethy-l) - 5 - (2 - hydroxyethyl) -4- 
metliyltbiiizolium chloride hydro- 
chloride] (Williams, Ruehle, et al. 
iei2i]). 


test, speetrophotoiuetricully and otherwise, to show identity of the two 
compounds. 

The prediction of structure from the absorption spectrum requires a 
large amount of wcll-worked-out data , and, even with these data avail- 
able, the prediction often will be uncertain. The data might be divided 
into two types; (c) the inliueiice of noiichromophoric or weighting groups 
on cliromophores, and th) the intliience of one chromophore on another. 
Tlie studies by Wulf Pesteiner [<\%) (Fig. 9. IS), and Brode 

U'..kb) provide examples of this type of work, i.e., the influence of neii- 
chrumophoi-ie groups attached to chroinophorie gretups, as shown in the 
change tif tlu' extinction and frequency of absorption bands. In the 
second class of compounds involving two chroiuophores in the same 
molecule, it has lunm deiuonstrated that certain linkages, such as the 
— ~ and more especially the -CH- - and longer chains 
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aet as insulating pads between the two resonating groups 
fail to transmit vibration from one cliromophore to another (Figs. 

7.25 and 7.34). It might also be 



Pig. 9.18. — Variation of extinction 
w'ith a change in. the position of substi- 
tution. The absorption spectra of di- 
phenyl (1), o-nitrodiphenyl (2), m- 
nitrodiphenyl (3), and p-nitrodiphenyl 
(4), in hexane. (Pestemer [C94]-) 


pointed out that the placing of chro- 
mophores adjacent to one another 
may result in an interference action 
and a reduction of the expected in- 
tensity (Fig. 7.25), whereas in a 
conjugated coupling there appears 
to be a multiplication effect resulting 
ina bathochromic and hyperchromic 
effect (Pig. 9.19). 

Increasing the number of conju- 
gated linkages between chromo- 
phoric resonators (Tig. 9.20) results 
in a continued bathochromic and 
hyperchromic effect, although the 
rate of increase becomes less (Pig. 
9.21) so that there is a limit to the 
shift and intensity increase that can 
be produced by a longer conjugated 
chain. There also seems to be a limit 
from the standpoint of synthetical 
preparation difficulties and stability 


of the highly conjugated compounds. The attachment of substituent or 



lO'oo 1400 f 


Fig. 9.19. — ^The influence of the separation of chromophores on the absorption 
spectra of compounds containing more than one resonating group. Diphenyl (4), 
1,1-diphenylethylene (3), l,2-<lipheiiylethylene (2), and l,4-diphenyl-l,3-butadiene 
(1). (Castile [CS7], Erode and Magill [€S7].) 


weighting groups along the conjugated chain which connect the two reso- 
nating groups may result in a marked variation in the absorption spec- 
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stances, i.e., compounds that have a similar electronic stnictnre but 
differ in ■v'eigliting or chroniophore size, may he assumed to give similar 
spectra. From this statement it would seem that p-tolylazophenol and 



Fig. 9.21, — Effect of number of etlienylene groups on the shift of the absorption maxi- 
muin. (See Fig. 9.22.) {C49.) 

cohalt chloride in concentrated hydrochloric acid should have an elec- 
tronic or resonating structure of much the same sort, since their absorp- 
tion spectra are similar. The analogous shift of absorption bands of these 



Fig. 9.22. Absorption spectra, of 2-methvloxazole and the corresponding tliio, 
seleiio, and imino analogs (Behaghel and Schneider [(7^4)- 

compounds in neutral and basic solvents would provide additional sup- 
port for this conclusion (Fig. 9.24). It may be further pointed out that 
nonconjugated chromophores in the same molecule produce essentially 
the added effects of the two separate groups, whereas conjugated chro- 
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mophort's produco ii marked batliochromic and iivpcichroiiiif (Mit'ct. 
Increase in nielocular weight will produce a minor hut horhronuc pifect. 
and quite often suhst itiitioii in the para position to a ('hi'oim)phori<* at- 
tacliment to an aromatic ring, unll produce a hypercdiromic etfe<‘t. 



Fio. 9.23. — Absorption spectra of 3,4-9,10-dibenzpyrene (J), 3, 4-Si, 9-dibenzpyrene (1 ). 
and pj’rene (5) (Clar fC'.tS]. ) 

♦ 

brief indication of the frequency ralues of A'arious chromophores 
was given in Chapters YI and Tit (see also Tables T.S and 10.1). How- 
ever. no satisfactory solution has been obtained for a mathematical ex- 
pression for the vibration effects in a complex organic molecule. It would 



Fig. 9.24.— Absorption spectra of eompouiids with elcelroni cxlly siiniUtr chroino- 
phores (Brode). 

seem that, in view of the simple character of the absorption spectrum of 
maiw of the more complex molecules, the ultimate explanation should 
involve a simple expression which would consider the ohrornophoi-e as a 
whole rather than the inner and interatomic effects. 
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application: op ABSOEPTION" spectra data 


aseheii Absorption undcliemischerKonstitution.” H. Ley 
undFliissiglceiten.” G. Scheibe (349). 
res d’absorptioii." P. Ramart-Lueas (R 
a,nd Hormones.” R- A. Morton (BU). 

Reference 

Henri {B20), Schumm (B50), Morton Erode and Leennakers (Bo), Erode 
(B4), Carr and Sherrill (B6), Heiliaeyer (BIS). 



CHAPTER X 


INFRARED AND RAMAN SPECTRA 

IxFEARED Spectra 

It has been necessary to limit the spectral region wiiieh was covered in 
the preceding chapters, and hence no discussion of infrared and EaiiUHi 
spectra was included. In the classification of atornie and molecular energy 



Fig. 10.1. — Ab:>orptioii of cobalt ioditlein concentrated hydriodic acid. 1.77 grams 
C 0 I 2 - SII 2 O per liter; cell thickness, 0.1 25 and O.o cm (center curv'c obtained from the 
other two). • = visual, O = photographic. (Erode and Morton [C^^Sj.) 

it has been pointed out that one could consider the total energy as the 
sum of the electronic, rotational, and vibrational energies. 

A - A, -H A,, 

In this classification, bands produced by systems in wliieli there is a 
change in electronic energj' are known as electronic bands and are located 
in the visible and ultraviolet. Occasionally they may ext end into the near 
infrared (Cal 2 ) (Fig. 10.1). If i\. (frequency change due to electronic 
217 
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bands) is equal to zero, then the bands are the result of 'vibrational-rota- 
tional effects and are usually called vibration bands (i.e., 0 ; = 0) . 

Sueli bands owing to their low energy, occur in the infrared and seldom 
ill the near (photographically available) infrared. 

If z/, = 0, as well as ve = 0, the only energy change will be that of rota- 
tion and the bands produced will be known as rotation bands. These 



Fig. 10.2. — Infrared spectrometer, Wadsworth moanted prism. (P.Ff.), concave 
focusing mirrors (Mi, iWa and M 3 ), light source {L S) (Nernst glower), thermopile (iJ), 
and sample (C), in front of the spectrometer slit. 


bands, owing to the very small energy change involved, will occur in the 
far infrared (in the neighborhood of 100 k). The pure rotation spectrum is 
distinctly separated from the vibration spectrum, which appears between 
1 and 23 ix, so that there are three distinct spectral regions of molecular 
absorption and emission spectra. 

Our discussion so far has dealt with the electronic type of molecular 
spectra. The two remaining fields of 
I Q spectra are not only separated in 

their spectral regions but also require 
a somewhat different technique for 
study. In the vibration band region, 
1-23 /X, one can use a prism spec- 
trometer of suitable transmission 
^ properties, such as rock salt, quartz, 
fluorite, or sylvite, or a grating, for 
dispersion, and can record the spec- 
tra by means of a thermopile or other infrared-sensitive device (Fig. 
10.2). The most suitable source of radiation is a Nernst glower. 

As in the case of the electronic spectra, simple molecules in a vapor 
state produce spectra with a resolvable fine structure in which the P, Q, 
or R branches are easily identified. (The Q branch will appear only if 
there is an allowed vibration change with no rotation change [Fig. 10,3].) 
The production of rotation bands is possible only in polar molecules that 




FEARED SPECTRA 


“JIU 



WAVELENGTH (fi) 


Fig. 10.4. — Isotope effect in the 3.4 n band of HCl (Meyer and Levin [C^o]). 



A h 


Fig. 10.5. — Absorption spectra of (A) portion of an iionio- [ rj 

logons series of normal hydrocarbons: <a)pentane, (f») hexane, i ■ '• 

(c) heptane, (d) octane, (e) nonane, (/) decane, (p) nndecane, | ^ 

(k) dodecane; (B] isomeric aliphatic h3'^drocarboas: (a) 2,3- 
dimethylpentane, (b) 2, 4-dime thy Ipentane, (c) 3,3-diin.ethyl- 
pentane, (d) 2, 2-dimethy Ipentane, (e) 2,2,3-trimethylbutane, 

(J) 3-ethylpeataue, (p) S-methylhexane, (h) 2-nieth3ihexaae; and(C) aroma tic hydro- 
carbons: (a) benzene, (6) toluene, (c) ethylbenzene, (d) o-xylene, (c) ?^i-s:ylene, (fl 
p-xy lene, (p) cyclohexane, (A) methylcyelohexane. (Liddel and Kasper T?SI.) 
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an electric luomeiO- wiicii at rest; heiieo syinineirical inoleciiles 
tuaVn=^ chlorine ^vould not be expected to show such bands. Most of the 
work that has been done in infrared spectroscopy has been in tire region of 


a. Methyl alcohol 
h. Ethyl alcohol 

c. Propyl alcohol 

d. Butyl alcohol 

e. Amyl alcohol 

f. Hexyl alcohol 
ij. Heptyl alcohol 
ft. Octyl alcohol 


Fig. 1 C. 6 .— Absorption spectra of a portion of an homologous series of alcohols, 
(A) aplutionin CCU {B) liquid (Ellis [C48]). 

1 to 20 ju on what we have termed the rotation-yibration spectra, more 
commonly known as the vibration spectra. 



2 4 6 8 10 12 


Fig. 10.7. — Absorption spectrum of n.-butylamine (Bell [C 4 \)- 

By means of reasonably good resolution it has been possible to show, 
in the 1.76 /i hand of hydrochloric acid (first harmonic of the 3.4 /x band), 
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II doublet structure indicating the relative amounts of Cl''^ and CP' 
as isotopes in the HCl gas (Fig. 10.4) (084) • Since an eelectrieal moment is 
required to shov' rotational structure it is possible to applv the study of 
band spectra to such compounds as carbon dioxide to determine the vi- 
brational and angular conditions in the molecule. The vibration spectra 
can thus be applied to the coupling between ions or atoms as differen- 
tiated from electronic spectra, involving transitions of electrons- 

In the held of liquids one finds a broadening of the absorption bands 
as was observed in the electronic spectra (visible and ultraviolet) (Fig^- 
10.5 and 10.6). From the data that have been obtained it has been pos- 
sible to assign frequency or wavelength values to simple vibration link- 
ages such as C — C, C — H, C — ZN", O — H, and to show that in homologous 
series intensity rather than frequency differences usually are found in the 
absorption bands (Fig. 10.6), A considerable amount of data has been 
collected by Coblentz {€129), Bell {C4), Ellis (€48) and others (Fig. 
10.7) on the absorption spectra of organic and inorganic compounds, 
from which one can obtain characteristic spectral frequencies for many 
functional groups (Table 10.1). Since this field of spectral analysis was 
not contemplated as a portion of the radiant-energv' effects to be dis- 
cussed in this book those interested in the application and methods 
should consult the references given at the end of this chapter. 

TABLE 10.1 

TliEQCENt'V YaLCKS FOR I>'FR.VRED -ABSORPTION’ BaN’RS DvE TO THE 

IxDK’.XTED Linkages 


Fmi(’tioaul Group 

Trequenev v' 

Tiinetioiuil Group 

Frequency 

=C— H 

2910 cm”' 

— S— H 

2503 


990 

H 

3300 

=c=c== 

1630 

=C— I 

500 

_C=C'— 

2200 

~C— B 

560 

=C=0 {Ketonrsy 

1722 

Cl 

6o0 

=C=-0 {Acid) 

1660 

__c=x 

2250 


1035 


2150 


1034 


1003 

— O— H 

33S0 

— XH— NH~ 

3000 


Rvmav Spectra 

Raman discovered in 192S the phenomenon which is called the Raraaii 
effect {B14, B2S) and which results from the scattering of light by a sub- 
stance (usually a liquid, although solids and gases have been investi- 
gated). WHien a substance is illuininat <'d by a monochromatic radiation, 
the molecules for the most part will transmit this radiation unab- 
sorbedj i.e., if they absorb mid give up the same light frequency they 
would become a point source and the light would appear to radiatt^ from 
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the solution. To the degree that the molecules or particles in the solu- 
tion absorb the energy and then re-emit it we speak of scattering of the 
light, and for colloidal particles the phenomenon is known as the Tyndall 
effect. Such an effect enables ns to observe the location and motion of 
particles which exceed the normal limits of microscopic examination. 

The important contribution that 
Eaman made was the observation 
that this scattered light from a mono- 
chromatic illumination was not all 
of the same frequency as the inci- 
dent beam. If represents the fre- 
quency of the incident radiation 
and the frequency of the scattered 
Fig. 10.8. — ^Apparatus for production then we may represent the 



of Eaman spectra; tube for compound 
(T) ; mercury lamps (Q) ; reflecting box 
(£); spectrograph slit (S). The ends of 
the tube are usuaEy blackened (F) to 
reduce direct illumination of the slit. 


energy of these two rays as and 
and the energy difference be- 
tween the two rays as k (vi — j/,), 
where (v; - i/,) = a r, or the Raman 


frequency. In general, Ar is positive, 
although the theory of formation permits negative values, and such 
values have been observed. 


The frequency differences produced in the Raman spectrum are quite 
finite and are evidently due to quantized conditions. The usual differ- 
ences are of the order of 15 to 250 f, which would correspond to the 
wavelength region of radiation from 20.0 to 1.2 ai or the region of vibra- 


II III! I 111 II) I 

ill 1 

1 1 I 


4047 4358 



5461 


Raman 




Fig. 10.9.— Raman spectrum of carbon tetrachloride (Jenkins). 


tion-rotation band spectra. It can be shown that these observed fre- 
quency s ifts are identical with the frequency intervals in the vibration 
band spectrum, and hence it is possible to observe these infrared values 
withm the photographic radiation range. The usual method of observa- 
tmn IS to illiimmate a tube containing the liquid with a powerful discon- 
tinuous source such as a battery of mercury lamps and observe the 
scattered light from a fiat end of the tube (Fig. 10.8). 

Eaman spectra determinations can be made with ease on the apparat us 
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av’ailable to the analyst ^vho is equipped to do the usual types of absorp- 
tion and emission determinations described in the prerious chapters, and 
for this reason it may be w'orth while to indicat e in more det ail the type of 
results which can be obtained. The Eaman spectra, like the vibration 
spectra in the infrared, indicates resonance relations between linkages, 
and, as with the vibration spectra, it is possible to assign certain fre- 
quency values to represent the resonance or vibration of certain link- 



Fig. 10. 10 — Large aperture spectrograph for Raman spectra observatior* (Gacrtner). 

ages. In the simple inorganic compounds there is not much necessity to 
determine the presence or absence of certain linkages since the structure 
of most of the compounds is definitely known. In the field of organic 
chemistry, howev^er, where a large number of isomeric compounds are 
possible it has been found useful to know the kind of linkages present in 
the compounds. 


A B 


Mj 



ry 



IN 1' 

Hj - Rarrun 

1 " 

1 

1 ' 

200 

1 

600 

1 1 L_ 

lOOO 

1400 c'f 


ii 


Fig. 10.1 1. — Raman spectrum analysis (length of line indicates intensity). 

a. As ob served in photograph (heavT lines A aad S indicate escitiag source). 

b. Frequ ency analy.sis. 


The cluiraotei’istie frequency or displacement of the (’— -H linkage is 
ab:)ut90 f (29:iOcm-') (equivalent to a position in the infrared of 3.41 pt). 
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As can be seen from Table 10.2, the shift is not a constant one bnt is in- 
fluenced by the other linkages in the molecule. The effect of these per- 
TABLE 10.2 

Bahian Shuts for C — H Iinkace 


C— H aliphatic average 2918 cm-i C— H primary aliphatic ... . 2862-2930 

Q—H aromatic average 3054 C — secondary aliphatic , . 2970 


turhations, however, is not great enough to prevent the identification 
of t he group or bond producing the shift- The figures in Table 10.3 repre- 

TABLE 10.3 

Raman- Skipts for CscAEAerEBis'iic Linkages 


Linkage 

cra~i 

Linkage 

Cm-i 


2920-2970 

S— H 

2470 


3054 

C— S 

645 


800-860 


1640 


1580-1608 


1640 

c— C 

1600-1650 


156.5 

c=c 

2100-2250 

C=N 

1650 

c— OH 

820-880 

C=N 

2150 

C=0 acid 

1654 

0 — N" nit.Tft 

910-930 

ketone 

1710 

amine 

880 

aldehyde 

1720 

i N— 0 

1000-1080 

ester 

1720 

i C— Cl ... 

650-710 

anhydride 

1750 

1 C— Br 

570-600 

0— H 

3400 

i C— I 

500-530 

I 



i 

1 


senting the frequency shifts are average values which are influenced by 
other hnkages in the molecules. Baman band positions (intensities in- 
dicated by height) areusually publishedinthemannersho-wninFig. 10.1 16. 
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CHAPTER XE 


MEASUREMENT AND DESCRIPTION OE COLOR 

Definition of Color 

It is Avitli some feeling of unceitaiiity and perplexity that one ap- 
proaches the general subject of color and colorimetrj'. This feeling is 
caused largely by the inability of the physicist, the psychologist, the 
artist, and other interested persons to agree upon any common system of 
nomenclatnie for the physical description of color. Such expressions as 
color, brightness, hue, brilliance, intensity, purity, transmission, and 
level have no exact definition, and one finds some difiiculty in the exact 
description of color terms. The sensitivity of the eye to various colors 
in the spectrum varies, as is indicated by the visibility curA^e of the eye 
[Coo) (Tig. 11.1) . The maximum sensitivity is at about o55 niju, and the 



Fig. 11.1. — Visibility curve, itelative brightness (if equal spectral energy {€ 0 * 3 ). 

limits are about 400 and 750 ni/i. This vi.sual spectrum produces in the- 
eye the stimulus of color sensation Avith spectral colors usually classified 
as folloAVs: 


Ited 750-620 in/t 

Orange 620-590 dqm 

Yellow 590-570 niM 

Greeu 570-500 m/i 

Blue 500-450 ni.u 

Violet 450-400 m.n 
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By purity of color one usually means the, approach to monochromatic 
character in the color of theenaitted, transmitted , or reflected light, or, in 
terms of a transmission spectrum, the narrowness of the transmission 
band. Color, as we generally recognize it, is the result of absorption, 
either by transmission of light through the sample or reflection from the 
sample. Reflection is a form of absorption in which certain portions of the 
spectrum are absorbed and the remainder are reflected. For e.xample, 
a piece of colored Cellophane when held up to a light will transmit a 
certain portion of the spectrum and absorb the remainder. If the same 
piece is placed on a mirror surface and light is allowed to fall on it and 
to reflect back, one has a reflection spectrum which will correspond to the 
absorption spectrum. 



It should be borne in mind that color, as one sees it with the eye, as a 
result of a colored filter or piece of paper, represents the light which is 
transmitted or reflected rather than that which is absorbed. 

In our previous discussion we have dealt with light which was absorbed 
and with the measurement of absorption spectra, transmitted light being 
the complement of the absorbed light. Transmission (T) thus may be 
deflned as equivalent to one minus .'Absorption (A) , or 

T= 1- A 

where T - I/Iq, or the portion of light transmitted, and A = or 

i 0 

the portion of light absorbed (these values x 100 = the percentage of 
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Light transmitted or absorbed). In the “Handbook of Colorimetry ' by 
Hardy {BIT), use is made of the terms reflection factor and transmission 
factor; in the “Report on Spectrophotometry’' ’ of the Committee of the 
Optical Society of America (J3/4) the tenns absorptivity and traiismit- 
tancy are used for these ralues. 

Blue color is produced by the absorption of •wnivcleagths other than 
blue within the visible spectrum. To the chemist who is interested in the 
strnctnre of the absorbing substance, this absorption region is of im- 


portance, and little attention is paid 
to the transmitted portion of the 
spectrum. From the standpoint of 
color production, however, it is the 
color transmitted which is of impor- 
tance. The total portion, of energy 
transmitted may be indicated as the 
area under the transmission curve 
(Fig. 11.2) as compared with the 
area above the curve. In tbede.scrip- 
tioii of color and color values it thus 
appears that a more satisfactory 
indication can be made bv the use 
of transmission or reflection in place 
of extinction (compare Figs. 11.2 and 
11.3), although the same general 
characteristics are indicated in each 
curve. Transmission accents the por- 



Fic.. 11.4. — Grem sample und its pur- 
ple eomplement (dotted). 


tion of the curve at high percentage transmission and reduces the 
relative changes of the curve at low percentage transmission (.see 
Fig. 8.43). 

Color can be described by a cuiv'e, and this in turn by a mathematical 
formula. Such a formula would be too complicated to handle, and so an 
effort has been made to define color by means of an approximation into 
three factors — purity, brilliance, and dominant wavelength. Purity, as 
has been indicated, is a mea.sure of the narrowness of the transmission 
band, where a single monochromatic line would indicate lOO per cent 
purity^ and a fiat level transmission (typical of a gray) would represent 
0 per cent purity. Brilliance, or brightness, as it is sometimes called, is a 
representation of the area included in the transnnission portion as com- 
pared with the absorption portion, i.e., the total percentage of energy' or 
light transmitted. The dominant wavelength is the wavelength of 
maximum transmission. 
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TBISTOIUiUS Yalues 

An analysis of color, as indicated above, would require a standard and 
uiiiform shape of all transmission bands, and, since these are irregular, it 



Fig. 11.5. — Trichromatic coefficieats (proportion of each eomponeat in a given 
wavelength value) . 

becomes necessary to define the shape of the curve more exactly. This is 
done by dividing the visible spectrum into three portions and assigning 
tu each portion a series of values so as to produce curves such as indi- 



PiG. 11.6. — ^Distribution coefficients for equal energy (tristinmlus values). 

cated in Pig. 11.5 as £•, y, and z. By a series of calculations described by 
Hardy it is possible to assign to each unit milliinieron a definite co- 
efficient for X, y, and z, and the integiution of these values will yield a set 
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<tt' three iiuinbort^. A', and Z, representinij: tlie color, the brightness, :iiid 
the purity. In Hardy's system the tristimuluvS vtiliit'S are arbitrarily 
ehosoti so that one of them has two transmission maxima, f, at 440 and 
()10 mij.. Other systems designed to indicate color characteristics in 
terms of a tliree-iiumber or tidstimulus system Lave been suggested, 
e.g., the Wright system which takes the wavelengths 650. 530. and 460 
ra/i as priinary standards (Ci?.?). In the end, the attempts to define 
colors in terms of three, or even more, primaries become useless when 
such colors as neodymium pink, tomato red, potassium permanganate, 
cohalt blue, or chlorophyl green are to be described iPig. 11.7). Although 
many colors, especially gray’s, fiat 
colors, and off shades of white, can be 
adequately described by this means , 
it does not suffice for a description 
of pure chemical compounds for 
which the absorption, transmission, 
or reflectian spectrum is essential to 
define the color. In mixtuies of com- 
pounds where broad smooth curves 
are obtained, one can apply with 
sufficient accuracy the tristiinulus 
methods of analysis. Hardy points 
out that “although the tristiinulus 
values do not provide so much information as the spectrophotometric 
data, they can be derived from the spectrophotometric data by a straight- 
forward computation procedure. They therefore provide a fundamental 
basis for a language of color” {BIT). 

Colorimetric Applicatioxs 

With the rapid increase in colorimetric methods of anaK'sis a number 
of visual and photronic colorimeters have been devised for the measure- 
ment of transmission or reflection values of liquids, glasses, and colored 
papers, Alost of these colorimeters are photronic in character, using a 
copper oxide cell, microanimeter, and suitable light source (Tigs. 11. S 
and 11.9). A series of colored filters are supplied with these instruments 
so that light intensity may be determined for various wavelengths. The 
transmission curves are often given for these filtei-s or can easily be de- 
termined (Fig. 11.10). As can be seen from the transinission curves, 
certain of the filters cut off the blue and t ransmit a portion of the red end 
of the spectrum; others are the reverse in that they cut off the red end 
and transmit the blue end, while the green has its highest transmission 
in the center. A dominant wavelength and a brilliance factor can be as- 
signed to each of these filters, while those which ov’erlap, such as the red 



Fia. 11.7. — Chlorophyl green (ehloro- 
phyl a -r b). 
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and orange, can be separated, i.e., by subtracting from the orange value 
the observed red value, inasmuch as the orange includes the red and 
orange spectral region. In a like manner, the yellow contains the yellow 
orange and red, so that subtraction of the observed orange from the 
observed yellow will give a true value for the spectral region bounded by 
the orange and yellow absorption curves. Essentially, this amounts to a 
series of five rather than three primary components. Additional coin- 


&€) 


T S ILAFP 

Schematic diagram oj the *‘Photelometer”. The parts are: T-Constent 
Wattage Transformer; S-Light Source; I-Iris Diaphragm; L-Lens; A- 
Absorption Cell; F-Light Filter; P-Photoelectric Cell; and M-Micro- 
ammeter 

Tig. 11.8. — Diagram of aphotronic colorimeter (Central Scientific Co.). 

ponents could be added by corresponding cut-off systems in the blue 
and the use of purple filters with both a blue and red transmission. 

In the usual colorimetrie analysis it is desirable to determine the 
amount of colored material in the sample as compared with a standard 
value. For a blue solution the proper procedure is to use a red filter, since 
the solution, by virtue of its blue color, is known to transmit blue and 
absorb red. The amount of material present is measured, not by the 





Fig. 11.9. — Thotronic colorimeter (Kipp and Zonen). 


amount of light the solution transmits, but by the amount it absorbs, 
and the most accurate measurements can be made by a spectrophoto- 
metric determination at the exact wavelength of its absorption band. A 
very good first approximation to the use of the absorption band wave- 
length is to utilize a filter which includes this wavelength and as little of 
the surrounding spectrum as possible. It is often difficult to convince the 
observer that one should use a blue filter for a red solution, but a brief 
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oNperiment will show tliat a hnI solution and a idear k>n will look 
alike under a rc'd filter whereas with a blue filter the ekvir solution will 
appear dear and blue and the red sulutirnia black or vimw dark l>lu(^ 



Pin. 11,10. — Pransmission curves for color filters suppliwi with XL IL eolorinieter 
(Erode IC/.9]). 

In our diKseussion on the theory of the production of ahsorption spectra 
we pointed out that the introduction of additional chromophoric or 

5 pectrum Observed Color 

I ~ i White 

1 Yellow 

Transmitted f Orange 

i Red 

r ~] Purple 

I Blue 

Green 

400 500 600 700 mp 

Spectral Color Blue Green Yellow Orange Red 
Fici. 11.11. — Absorption production of eolor. 

weighting groups produced a hyperehromic and bathotdiroiuie t'ffect , by 
which tve meant that the absorption baud was intensified and shifted to 
lower frequency values (i.e., towards the visibiel As the al>sorption 
band is shifted towards the visible, it first approaches the violet end of 
the speetruni (Fig. 11.11) and in successive stages can be pushed acro.'^s 
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tlic sped rum to mat.'h uU inuiteiy tlierud side and oven beyond, so tliat a 
second band will begin to appear from the blue side. The successive 
colors thus produced are as. follows: 

GEEEXISH 

The color of a compound is thus said to be deepened if it goes from left 
to right in this order, i.e., from yellow to purple to green, and, though this 
is not the true spectral order nor these the true spectral colors, it repre- 



Fig. 11.12, — Twilight shift ia relative visibility curve (change in chromatic response 
of the eye to equal intensity). 

sents a very important series of color values. In these colors the yellow 
is not a spectral yellow but includes all the visible spectrum e:xGept the 
blue. In like manner the purple is a combination of two colors, blue and 
red, rather than a pure spectral color. It would seem, therefore, that 
color might be better defined on the basis of absorption rather than trans- 
mission effects. 

It must also be recognized that the psychological definition of color 
involves other factors such as the response of the eye to environment, 
change of chromatic response with intensity (Fig. 11.12), and the fre- 
quency range of the observed radiant energy. 

Literatuee 

‘^Handbookof Colorimetry.’' A. C. Hardy {B17). 

‘‘Measurement of hadiant Energy.” W. E. Fonsytlie and others {A Jo). 



CHAPTER :XII 


LABORATORY EXPERIMENTS 

EXERCISE 1 

CALIBRATION 01 MEDIUM-SIZE SPECTROGRAPH 
^VITH CORNU PRISM 

Optical Principle — Light Path, This experimeat illustrates the use of 
the spectrograph in conjunetion vith a light source (an arc or spark) and 
condensing lens, L3 (Fig. 12 . la) . It is desirable, hut not essential, that this 
light source and lens be on an optical bench so that adjustments may be 



made without changing alignment of the optical path. This requires that 
the optical bench be parallel to the optical path of the spectrograph. A 
rapid method of determining the optical path is to place a strong single- 
filament light at K (Fig. 12 . la). (Xote that K is the extreme right-hand 
end of the plate opening a.s one looks into the spectrograph through this 
opening.) This light pathos the reverse of the normal path and makes 
possible a rapid adjustment of the apparatus. AThile this adjustment is 
Ijeing made, the slit of the spectrograph should lie opened to about 0.1 to 
0.2 min. ** 

Position of Suurcc^cusiitu Lens. The distance between the arc ur 
spark and the spectrograph must be greater than four times the focal 
length of the lens. a.n(i it is preferable to aso a greater distance and t< • 
place the lens at the focal position which produces the larger image, i.e. . 
so that the lens is nearer to the light source than to the spectrograph slit. 
The choice of lens will depend to some extent on t he size of tlie image v 1 
be projected. It is essential to have an image large enough to prevent tlu' 
appearance of the tlectrodo ends on the transmitting portion of the slit. 
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Position oj Light Source. Once the optical path, and focus have been 
established, it should not be necessary’- to alter the position of the lens 
and any adjustment due to the failure of the image to center on the slit 
properly should be corrected by vertical or lateral movements of the are 
or spark holder. If the light source wanders over the electrodes, it may 
be necessary to adjust the electrode positions continuously while the 
photograph is being made. Alignment may also be checked through the 
auxiliary image on the test screen. If the electrodes are of materials 
which produce nonconducting o.vide layers, it will be necessary to start 
the arc by touching the electrodes with a carbon rod. 


S T • c 1 ‘ V G 2 



Fig. 12.16.— Medium spectrograph (Batischand Lomb). Focusing adjustment (C) 
slit (5), shutter (T), plate holder {O), dark slide (F), plate-holder screw-motion 
lever (A^, scale lever (D), screw adjustment of plate-holder tilt (1,2, 3,4). 


Focus of SpectrogmpJi Lens System. The spectrograph itself has many 
fine adjustments, but most of these are properly made and locked in 
position so that further adjustment should not be necessary. Such ad- 
justments include the setting of the slit jaws to be parallel with each 
other, setting the slit so as to be parallel with the refracting edge of the 
prism, setting the prism at the angle of minimum deviation, and focusing 
the collimating lens. These pieces should be adjusted or altered with the 
greatest of care and only when absolutely necessary. For the most part 
any corrections which seem necessary may be made in the focusing of the 
lens system (the focusing lens L^) and the tilt of the plate holder, k 
focusing screw is usually attached to the lens, or Li, by means of 
which the focal plane of the lens naay be shifted. 

In the absence of any known focus settings for the instrument, an 
approximate setting can be obtained by placing a sheet of ground glass 
in the plate holder at the right-hand end (longer wavelength end), and 
lemoving the back of the plate holder so as to observe the spectrum . 
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Slit. Tile width of the slit sliould bo tset :it 0.02 to 0,03 mill I slit screws 
are iisuallj graduated in 0.01 mm) and the height of the .slit at about 4 
mm by means of the wedge or Hartmann diaphragm. 

Photographic Plate. Load the plate holder with a photogriiphie plate 
( Eastman 33 is n'conimendod since developnitmr tun !:)e easily observed 
with a No. 1 Wratten saleliglit). The plate should be numbered b*'foi'e 
leaving the. dark room by writing with a pmieil on the emulsion sid(‘ at 
one end ora corner of the negative. This iiiimher should appeiir on the 
notebook or plate record sheet. 

The observer should be careful in putting the negative into the plate 
holder so as to avoid fingerprint s or abrasion marks on the emulsion side 
of the negative and should be certain that the emulsion side of the nega- 
tive faces the safety darkslitleof the plate holder. Putting the negative 
into the holder with the glas.s .side facing the dark .slide will result in a 
change of the focal plane by a distance equivalent to the thickness of the 
glass negative, thus throwing the sirectriim out of focus, and, since glass 
is opaque in the ultraviolet beyond a wavelength of about 3(KJm/t, wave- 
lengths shorter than this will not be transmitted to affect the photo- 
graphic emulsion. 

Experimental Procedure. A series of photographs are taken In' moving 
the plate holder a definite distance at right angles to the spectrum, and 
at each setting a different focus value is used. The plate holder is usually 
moi'ed by a gear or screw motion along a track with a graduated milli- 
meter scale. The motion for each successive photograph should be about 
the same as the height of the slit (.4 mm). The plate motion, like all other 
adjustments on the spectrograph {ercepl dit opening), should 1)0 in a 
positive direction, i.e., from lower to higher positive values. If for any 
reason the motion exceeds the desired .setting it is advisable to return to 
a position considerably liehind the po.-^ition desiretl aii<l proceed in a 
]K;)sitive direction to the point so as to avoid any instriiiuental back lash 
in the screw or rack motion. The series of photographs, as indicated in 
the accompanying sample data sheet, should start at a focus setting con- 
siderably below the approximate focus and should Ije increased in a posi- 
tive direction until one has gone considerably beyond this approximate 
focus setting. For example, if the approximate focus is observed at a 
setting of -[-0.2 on the focus screw and it is apparent that settings of 
-j-l.O anti —1 .bare decidedly out of focus a serh's of photographs miglit 
lae taken as indicated in the saint>le recortl sheet = Table 12.1). 

.Among the points to be observed are such routine procedures as ; 

1. Properly “facing’" the photographic negative in the holder. 

2. Opening of the dark slide of the plate holder nfier raeking or sliding 
into position on the spectrograph. 
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SPEC-XROGR-iPHIC ANALYSIS 



Plate Xo.r 



Oh, server 







Bate 





Emulsion. . 



Bevolopor . . . 



Xo. 

Cheek- Plate Motion-' 

Sample 

Time 

iSoUfCG 

Slit 

Focus 

1 

V 

0 min 

Seale 





2 

V 

4 

Brass B-2 

4 sec 

Arc 

0.02 

-1.0 

3 

V 

8 

Brass B-2 

4 sec 

Arc 

0.02 

-O.o 

4 

n/ 

12 

Brass B-2 

4 sec 

Arc 

0.02 

-0.2 

5 

V 

16 

Brass B-2 

4 .sec 

Arc 

0.02 

0.0 

6 

V 

20 

Brass B-2 

4 sec 

Arc 

0.02 

■+0. 1 

7 

V 

24 

Brass B-2 

4 sec 

Arc 

0.02 

-40,2 

8 

V 

2S 

Brass B-2 

4 sec 

Arc 

0.02 

■+0.3 

9 

V 

32 

Brass B-2 

4 sec 

Arc 

0.02 

4-0.4 

10 

v 

36 

Brass B-2 

4 sec 

Arc 

0.02 

4-0.6 

11 

V 

40 

Brass B-2 

4 sec 

.Arc 

0.02 

-fl.O 

12 

V 

44 

Scale 





13' 


50 

Brass 

6 sec 

Arc 

0.01 

-1-0,2 

14 

V'' 

54 

Brass 

4 sec 

Arc 

0.02 

-40,2 

15 


58 

Brass 

2 sec 

Arc 

0.05 

4-0,2 

16 


52 

Brass 

1 sec 

Arc 

0.10 

40,2 

17 

v/ 

56 

Scale 






1 The plate number should altt’ays be recorded on the datasheet or in the record notebook as well as 
on the negative. 

- Check each exposure when completed. 

® .411 adjustments and settings involving a screw or rack motion and measured by a graduated scale 
should be made in a positive direction only. If the screw is graduated in both directions from a aero in- 
( lieation, one direction, preferably right, must be marked as positive, and settings made in a direction 
towards greater positive values. 

* Since the usual plate motion is about SO rxun (for a 4 by 10 inch plate) it would he of interest to test 
the effect of width of slit on the appearance of spectral lines. To do this the instrument should be set on 
its approximate focus and the indicated photographs taken on the bottom of this plate. 


3. Swinging the scale into position before turning on the scale lamp. 

4. Tnrniiig off the scale lamp after the scale exposure is made. 

5. Swinging the scale out of position after the scale exposure is made, 

6. Screwing or racking the plate holder to higher settings after each 
exposure and properly checking the observation record on the sheet. 

7. Opening the shutter before making exposures if the spectrograpli 
is equipped with a shutter. 

8. Checking the slit and focus settings. 

9. Making the proper record on a data sheet or notebook of the nature 
of each, sample ohseiTed. 

10. Observing the same precautions for the scale at the end of the 
plate as at the beginning. 



DJEVELOPMEXT OF PLATE 


11. Completely clasiiigthe dark slide "before removing t lie plate holder 
from the spectrograph. 

12. Being sure that the negative number agrees with the aumber on 
the data sheet. 

JDei'cIopitient of Plate, la a laboratory in which regular spectrographic 
analyses are made, standard developer solutioas and a time-temperature 
control on the developing process will usually' be provided. For instruc- 
tional purposes and to avoid contamination from developers used bt* 
different workers where a large number of people must work with the 
equipment, it is suggested that each group or section of workers should 
prepare its own developer solutions. For this purpose the standard M-Q 
(elon-quinol) developing powder tubes are quite satisfactory. The solu- 
tion is prepared by dissolving first the A powder and then the B pow'dtT 
in 250 ml of water at 7(.CF. A 250-inl graduated cylinder is convenient for 
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Fu^. 12.2. — Focus negative (Exercise I). 

the solution preparation, and if the carbonate powder (B.) is added ra{> 
idly and shaken quickly and thoroughly it will not tend to form the loss 
soluble hydrated form but will go directly into solution. 

The number 33 plate should be developed about 1 .5 to 2 minutes or 
until inspection from the back (glass) side with a Xo. 1 ‘W'ratten safelight 
shows the spectral image as having distinctly penetrated the emulsion. 
For more accurate work a time-temperature-developer control is essen- 
tial to produce the desired gamma (see section on photography), but for 
focus calibration and qualitative analysis the above technique is quite 
satisfactory. 

.kfter development the plate is washed for about half a minute with 
water containing a small amount of acetic acid and then placed in the 
hypo (sodium thiosulfate) solution to clear. .After the plate has been in 
the hypo for half a minute the white lights in the dark room may be 
turned on and the remainder of the procedure conducted in normal room 
lighting. The negative should stay in the hypo for about 10 minutes after 
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tlie last visual traeo of silver halide (opaque light yellow color) has dis- 
appeaied. It should then be washed for 15 to 30 minutes in running 
water at aliout 65 to 70° F. Before being placed in the drying rack the 
negative should be carefully washed with a wet hand, cotton swab, or 
viscose sponge to I’einave any scum or deposit which may form as a 
result of hard water or other adhering materials. 

Examniiiion of !\eij(iiwe— Report of RemlU. The dry negative should 
be earefully examined with either a projection apparatus or a reading 
magnifier (such as the Bauseh and Lomb magnifier with a built-in scale). 
The report on the experiment should indicate the setting which produces 
the best focus in the middle of the spectrum or plate. Tn addition, the 
obsen'er should examine the two ends of each spectrogram, and from 
the focus of the lines at the ends of the spectrograms he should indicate 
the most satisfactory focus settings for the long- and short-wavelength 
ends of Ms negative. If these latter values are not found in the same 
spectrogram or the same setting as the satisfactory center focus the ob- 
server should indicate the direction and amount of rotation that should 
be given to the plate to produce a more satisfactory focus adjustment. 

Problem. The higher positive values of the focusing screw move the focusing leas 
nearer to the plate, ^ thus moving the focal plane away from the prism. If the spectrum 
is in focus at the low-wavelength (left) end at a setting of -R in focus at the center 
at +1, and in focus at the long-wavelength (right) end at 43, indicate the correct 
setting and the direction of rotation of the plate holder which should be made about 
its center (0 in Fig. 12.1a). 

^ Bauseh and Lomb instrument. 



EXERCISE -2 

QUALITATIVE IDENTIFICATION OP ELEMENTS 

This exercise is divided into two parts: (.«) the icieiitificatioii of the 
lines of a known element, and (b) the determination of the wavelength 
valves of the lines of certain unknown elements and the itlentity of ele- 
ments which produce them. 

Samples. It is suggested that a pure sample of copper be used for the 
first part, and a brass, aluminum alloy, or dye-cast alloy for the unknown. 
For the unknown one should avoid an alloy containing iron or other ele- 
ments which produce a large number of lines. 

E.-i'peri mental Procedure. The V-wedge or Hartmann diaphragm in front 
of the slit should be set so as to give a spectrum about 4 or 5 mm wide, 
and the plate motion should be moved by this amount or the Hartmann 
wedge shifted so as to keep the scale and spectra in contact. Arc e'xpo.sures 
should be made of the samples, using a current of about 4 amperes and 
a. voltage drop across the electrodes of about 50 volts. (Table 12.2.' 


Plate iVo 

Instrument . . , 


TABLE 12.2 

Sl'EGTROGRXPHIC AXWUYSIS 

Analysis for 

Copper — Brass 

Observer 

Date .... 

Developer. 

Source 



Zvo, Check 

Plate Motion Sample 

Time 

Slit 

F ocuri 

1 

2 

10 inin 
14 

Scale 

Copper (.std) 

5 sec 

are’ 

0.02^ 

-0.2 

3 

4 

5 . . . lo" 

18 

22 

Brass C-3 
Scale 

5 sec 





^ Oh spectrographic (lata sktets it i-hould be understood that, where there is no change in the racthotl. 
slit width, focus, etc., on a plate, an entry at the top of the column is sui&cieiit. 

= The observer should either repeat these photographs on the reiriaininff part of the negative or run 
another unknown in this space. 


Development oj Negative — Freporation of Churl. Develop the negative 
in the usual manner (see Exercise 1 and section on. photography), being 
careful to wash the plate thoroughly after removing it from the fi.ving 
bath, and also to wash off with moistened cotton, viscose sponge, or with 
the hand any surface dirt or deposit prior to putting it into the drying 
rack. When the negative is dry put it into the enlarging machine (emul- 
sion side down) , and project the image so as to give a spectrum between 
2400 and 5300 A of about 28 to 30 inches. Such an enlargement Avill he 
about 3 to inches wide and can be made on three strips of 4 by 10 
239 
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Fig. 12.3. — Sample uegativ'es (A ) aluminum allo^-copper, iB) spectrogram of alurni- 
aum alloy (1), aluiainum bronze (2), copper (3), and brass (4), {jSeeJ.lm. in hack pocket 
in this book, Sections A and B. [Film negatives are not indTJded in special student 
edition.] N. 
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inch lastmari News Bromide or Agfa 
BroYira (contrast) paper.^ Most enlarg- 
iiig machines will not proj ect the entire 
S- or lO-inch negative at one time but 
will require moving a negative of this 
size in the holder so as to produce three 
separate sections which may be com- 
bined to produce a complete enlarge- 
ment of the negative (Fig. 12.5). The 
prints should be exposed to give a 
maximum gamma, and developed in 
M-Q or Agfa 125 developer. When dry 
the prints are to be trimmed and 
mounted on an 1 1 by 28 inch card with 
dry mounting tissue or rubber cement. 

Idmtification of Standard iCojrper) 
Lines. Lines should be drawn on the 
card adjacent to each spectrum line, 
and the copper lines identified by refer- 
ence to tables and by the photographed 
scale. For the identification of the cop- 
per lines it is suggested that one use the 
copper spectrum table in the “Inter- 
national Critical Tables/' also in the 
‘‘Handbook of Chemistry and Physics,” 
or the copper table (page 380) in this 
book. Starting with the very intense 
copper pair of 3247 and 3273 A, the 
remaining strong and then the w'eaker 
lines of copper can easily be identified, 
especially with the aid of the approxi- 
mate wavelength values as given by 
the printed scale. 

Identification of U7i7incnon Lines. For 
the identification of lines other than 
copper, and in the unknown sample, 
one should use the table of persistent 
lines of the elements arranged by wave- 
lengths, which is to be found in the 
same collection of spectrum tables 

' See discussion in Chapter XIII, page 301, 
on the useof aspecial nonshrinkingmappaper. 
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( page 328) in t his book. For example, if un unknown line of 2850A is 
pre-sent , it may be recorded as 2839 (Sn), 2843 (Cr), 2848 (Mo), 2849 
(Cr), 2852 (Mg), 2S54 (Pd), etc., depending on the aceuracN of the 
photographed scale. In addition, the line may be a weaker line of some 
other element which is not given in these very abbreviated tables. For 
the preliminary survey it is best not to consult the very extensive tables 
.such as ICayser’s “Hauptlinien’" or Harrison’s 100,000-line table. In the 
above example, the persistent lines as arranged by elements should be 
consulted first; then the position of other lines of the possible elements 
should be noted and looked for in the photograph. If three or more lines 
agree, the presence of the element is practically certain. After identifi- 
cation of the element the xvavelength tables for that particular element 
should be consulted, and the other strong lines of the element in the 
photograph identified. 

An e.xainple of the method in which the data should be recorded is 
given in Fig. 12.4. The three strips should be mounted on the 11 by 28 
inch card with dry mounting tissue or rubber cement, overlapping spec- 
tral regions being cut off so as to make a continuous strip, and, if the 
.strip is longer than 28 inches, some of the short-wavelength end should 
be cut ofi to fit the card. 

Reference Tables, For the solution of this exercise nse the following 
tables (in this book) in the order indicated : 

(а) Copper spectrum. Table IV, p. 580. 

(б) Persistent lines by wavelength. Table I, p. 328. 

(c) Persistent lines by elements. Table 11, p. 330. 

(d) Principal lines by elements. Table IV, p. 365. 

(e) Principal lines by wavelength. Table III, p. 332. 

Film SpedroQram. In the negative reproductions in the Appendix 
(Section A) there are spectrograms of brass (3), copper (5), aluminum 
bronze (;3), and aluminum alloy (I) unknowns which can be solved as 
additional unknowns or used as the unknowm for this exercise in case 
the available spectrograph or samples are not satisfactory for this experi- 
ment (Fig- 12.3A). It is suggested that the negative sheet be removed 
from the book and treated as an original negative in making the enlarge- 
ments. It may be necessary to cut the negative to permit use in some 
enlarging machines, in which case one should avoid cutting through any 
of the spectrum photographs. {Film spectrogrmns are not indudecl in the 
special student edition.') 



EXEBCISJE 3 

CALIBRATION' AND ADJUSTMEITT OF A LITTROW SPECTROGRAPH 

Optical Principle. The Lit trow spectrograph (Pig. 12.(5) embodies the 
same general optical principles as the Cornu prism type of spectrograph 
described in Exercise 1. The essential difference is that a single 30= prism 
is used rather than the two 30® prisms which make u|r the Cornu prism. 
The back or altitude face of the prism is coated with an alimiiimm or 
niercuiy amalgam so as to reflect the light back through the prism. The 
total light path thus is equivalent to a 60® prism, and any double re- 
fraction produced by the quaitz as the incident beam passes through it 


CONCAVE GRATING ”'A SCREEN 



is corrected in the r&fiected beam. The lens (Li) also .serves the double 
function as the collimating and focusing lens. 

Some Littrow instruments arc equipped with interchangeable sets of 
glass and quartz prisms and concave gratings. The most acceptable type 
of gi’ating instrument for general anahtical work is that in which a con- 
cave grating (A') takes the place of the lens (Lj) and prism « P) in the 
Littrow mounting. This concave grating mounting (see Pig. 3.12) h 
known as an Eagle mounting (..4')- The procedures of adjustment and 
calibration for the grating and prism system are alike. Both types of 
instruments require the refracting axis, edge of the prism or the lines of 
the grating, to be parallel to the slit and perpendicular to the optical 
path of the spectrograph. 

Erom a theoretical point of view the incident and dispersed beam 
should he centered in the same path; but this would be possible for one 
wavelength only, hence there is no serious objection to the spreading 
of the two beams so that the reflecting prism (R) of the incident beam lies 
just on the edge of the plate field. Placing this to one side avoids the 
obstruction of a portion of the photographed spectrum. 

iSlit rihimination. For purposes of obtaining uniform slit illumination 
243 
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ADJUSTMENT OF LITTROW SPECTROGRAPH 


(see section on quantitative spectrographic anal 3 'sis) it is soiiietimes 
advisable to place the condensing lens of the slit illnmination system as 
close to the slit as possible and to place the light source so as to focus on 
the lens of the spectrograph. Such a modification of the conventional 
system of illumination is rather inefficient with regard to the dispersing 
system but permits the mashing of the electrode ends of the light source 
(diaphragm [D], Fig. 12.6) and at the same time provides uniform illumi- 
nation of the slit. 
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Fig. 12.7. — Effect of a two-hole diaphragm in focus adjustment. 


The rather long path hetTveen the condensing lens and the spectro- 
graph lens, as compared -with the distance between the light source and 
the condensing lens, requires that the position of the light source be 
accurately determined and maintained in order that the image of the 
electrode ends may be properly masked (Z)) at the spectrograph lens (Li), 
and the remainder of the arc fill as much of the spectrograph lens as is 
possible. To provide an accurate control of the position of the light source 
it is suggested that a supplementary lens (Zs) and a screen (S) be pro- 
vided in the optical path. The optical path of the spectrograph can 
easily be established by setting the prism to a visual spectrum setting 
and placing a light at the position of the plate holder. The slit should be 
opened to about 1 mm and the location of the lens (L^) , light source QLS), 
auxiliary lens (Ls), and test screen (/S') established. 

Focusing. The focusing of a Littro'w spectrograph involves three sepa- 
rate adjustments: (a) the focus setting of the lens, (b) the tilt of the 
prism, and (c) the tilt of the plate holder. The most sensitive of these 
adjustments is the tilt of the prism, so that for most adjustments this is 
set at approximately the correct setting as determined from known 
settings, or by observation with a ground glass in the visible portion of 
the spectrum, and the other two settings changed until adjustment is 
reached. By illumination of separate areas of the lens (Zi) with a 
two-hole diaphragm one can easily see a doubling effect when the in- 
strument is out of focus (Fig. 12.7). 

Usually each instrument of this Littrow type has a special table of 
settings calibrated for that instrument so that it will not be necessary 
as a rule to make the rough approximations as described above. The 
laboratorj' experiment involves the checking of one of the settings from 
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ail accepted list tor the iiistruiueiit used. In tliLs expei’iuieiit a series ui 
10 photographs is to be made at varying focus settings, starting 4 units 
below the accepted value and changing the focus in unit increments for 
each photograph until a focus setting of 5 units above the indicated 
setting is reached. 

Table of Settings. The following settings are given as an example of 
adjustments. These have been tested and found satisfactory for a 
Hilger LittroTs^ Spectrograph (E 1S5): 

TABLE 12.3 


Focus Settikgs for. Huger Litteow' Spectrograph (E 1S.5) 


Settmg No. 

Range Covered 

Prisnx' 

Focus* 

PhiteTilt 

1 

2180-2455 A 

64-18 

126-10 

64.2 

2 

2404-2794 

65-15 

141-04 

64.9 

3 

2706-3286 

66-12 

157-00 

65.9 

4 

3258-4448 

67-09 

174-00 

67.2 

5 

3669-5324 

67-17 

1S2-1S 

67.6 

6 

4200-8000 

68-4)2 

189-04 

6S.5 

7 

2894-3690 

67-00 

164-10 

66.3 


should be noted that focus and prism values on this instrument are operated 
by screw motions with graduated scales which are dirfded in to SO ports per large 
scale diviaion and not in the usual decinoal or 10 parts. 

'This is an unusually large iBatrument having a focus of 3 meters as compared with 
a focus of approximately 1.75 meters for other large Littrows. 


Automatic Instruments. Adam Hilger, Ltd., also manufactures an in- 
strument (E 492) which is fully automatic, i.e., the three adjustments 
(prism, focus, and plate tilt settings) are made simultaneously hy one 
control. This instrument has a focus of 1.7 meters. 

The Bausch and Lomb Optical Company’s large littrow' spectrograph 
is semiautomatic, in that coordination between focus and prism rotation 
is secured by means of a cam, which causes the prism to rotate as it is 
moved forward or backward in focusing. Eleven fine-pitch micrometer 
screws are inserted in this cam at suitable intervals, and each of these is 
accurately adjusted so that, when the screw carried, on the arm which 
rotates the prism table bears on the end of a given screw, the portion of 
the spectrum is brought on the plate which is in focus with that position 
of the focusing carriage. The plate tilt is adjusted by a separate control. 
The focus of this instrument is approximately 1.8 meters. 

The Hilger E 492, the Bausch and Lomb, and the Gaertner Littrow 
instruments have approximately the same focus, dispersion, and resolv- 
ing power. 

Although these instruments are fully or partly automatic the direc- 
tions given above for making adjustments apply to them if any one of 
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the three sottiufts lieconies thrown of adjustment and thus all tliree 
must be readjusted. 

Ej:peninental Procedure. Jdxposures should be made with a slit width 
of 0.02 to O.Od mm, with an iron arc (-i-ampere 50- volt drop) as a light 
source and exposing for 10 to 15 seconds. The same precautions and tech- 
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Fig. 12.8. — Focas negative (Exercise 3). F — focus adjustment, P = prism tilt, 
T = plate tilt. H. 


niqme are required as in the exposures described in Exercise 1. The 
negative should be developed as indicated in Exercise 1 and the section 
on photograph^’’ (page 298). 

Report. The negatives obtained should be examined as in Exercise 1. 
The report should confirm the setting or a suggestion made for its cor- 
rection if the setting appears to be in error. 

Problem. Plot the above Table 12.3 prism, focus, and tilt-values against the range 
limitations. From these data deternoine approximate setting.? and upper range for a 
setting which yields a spectrum with its lower wavelength edge at 2600 A. 



EXERCISE 4 


IDENTIFICATION OF A PORTION OF THE IRON SPECTRUM; PREPARA- 
TION OF A CHART FOR THE ^QUALITATIVE IDENTIFICAnON 
OF AN UNKNOVTN 

Preparation of Spectrum Enlargement. A negative I Fig. 12.9; ivith a 
satisfactory iron spectrum, such as obtained in the final test run in 
Exercise 3, should be marked off into ten numbered space.s of 2o nini 
(1 inch) of the spectrum. Prepare enlargements of each section 10 times 
the original size. One section is to be assigned to each student, who will 

2700 3200 A 
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F iG. 12.9. — Iron spectrogram with indicated division assignments. N. 

mount the photograph as indicated below and identify the iron lines in 
the lO-inch photographic strip. It is suggested that, for the enlargement 
of the small portion of this negative to 10 times its size, it will be found 
more satisfactory to use a miniature film enlarger such as the Magniphot- 
Zeiss, Omega, or the Leica apparatus. These enlargers are designed to 
cover a field of about 1 inch and give better definition in t he final print . 



Section 7 

Fig. 12. 19. — Enlarged section of Fig. 12.9. P. 

Mounting of Enlargement. The final print should be at least 1 inch wide 
and is to be mounted in accordance with the arrangement shown in Fig. 
12.11. The strip should be set so that its bottom edge is 11 2 inches from 
the bottom of the card. Above the strip and scale there should be a blank 
space upon which the spectra of unknowns may be projected. Above this 
space are to be indicated the principal lines of other elements which 
would appear in this region if the elements were present in the unknown. 
The number of lines indicated in this section will depend on the spectral 
region. 
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I'is iM{L:pAi;A'rjiK\ oi- i!{ON spi<X’thlim ciiAirr 

Idtuiijicaiiotc of Iron Liiirs. In order to start in the ideutitieiition of tiie 
speetrum, t-\vo iron lines shoukl be identified by the instiaetor or from 
standard iron charts after the photographs have been mounted. The re- 
maining iron lines should be identified from iron tables (page 3S7) as 
far as possible without reference to the available iron charts such as 
Hilger, Bardet, Crook, or the charts in this book (Plates II to XXXVI). 

Wavelmgth Scale. The wavelength scale between the two spectra 
should be composed of unit lines not over 3^ inch high and numbers 
about iDich high. The scale should be printed on the card after the 
iron lines have been identified, and if an instrument of high dispersion 



is used it wiR be satisfactory to divide units of 10 angstroms into 10 
equal divisions, even though there is a slight convergence of the scale 
toward the long-wav.elength end. If the instrament used does not have 
a high dispersion it will be necessary to make such divisions only into 
units of 5 angstroms. 

ComparisorL Lines. The lines to be included in the group of unknown- 
element lines at the top of the card should be taken from the table of 
lines arranged according to wavelength (page 332) . The number of these 
lines to be included should not be over 50 on any card. In recording these 
identification lines, include the wavelength in angstroms to one decimal 
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place, the element symbol, and the indicated intensity on the 1 to Kj 
scale, i.e., 2519.2 Si (SR). So far as possible one should record all these 
identification lines in a single on the card, but if there are too many 
in anj’ particular portion of the card a second or even a third row may 
be required. "The selection can be made by the use of incense lines ( bold- 
face and ordinary type in Table III), and omitting the -sveak lines i italic 
type). It will he necessarj-- to look up these lines in the tables of lines 
arranged hy elements (Table IV) so as to obtain the intensity and first 
decimal angstrom value. (See Tig. 4.5 for examples of completed chart.) 

If the class is sufficiently large a complete spectrum table may \ye pre- 
pared in addition to the students’ obtaining some experience in the 
ident ification of speetrum lines. Individual workers or small groups will 
not find it of advantage to prepare more than one or two of these cards 
per person, and hence a reduced set has been included in this book to 
permit rapid identification of qualitative unknowns (Plates II to 
XXXVI). (See Exercise 5.) 

Film Spectrogram. In order to provide suitable laboratory material for 
this and the following experiment (Exercise 5) on the identification of 
unknown elements in a steel sample, a negative print of an iron spectrum. 
2 in (E) and 3 in (F), has been included at the end of this book. The 
print can he used for these two exercises if the laboratory is not equipped 
with a high-dispersion Littrow-type spectrograph. (Film specfmgraim an 
not included in the special student edition.) 



EXERCISE 


QUALITATIVE IDENTIFICATION OF ELEMENTS PRESENT IN A 
STEEL SAMPLE 

This cxfiriso is designed to illustrate the use of photographic charts 
for the cjualitative identification of elements and the use of the iron 
spectriun as a reference spectrum in place of a printed numerical scale 


i,di]d^iiij.luirihiiiiiyy ] I :lii 1.1 •> 

3400 4400 

Fig. 12.12. — Unknown spectrogram. (1) Nonferrous alloy. (2) Steel. (3) Iron, 

(4) Steel. N. {Film strip F in hack of book . ) 

Scale and Comparison Speanim. Because of the variety of positions 
of adjustment that are possible with a spectrograph of the Littrow type, 



Fig, 12.13. — Use of cards for identification of elements (unknow'n spectrum en- 
larged to approximately the same scale as the card spectrum and enlargement strip (P) 
held in correct position). {Note: In the examination of nonferrous unknowns it is 
necessary to record on the origmai negative an iron spectrum in juxtaposition to the 
unknown and include this in the enlargement as shown.) This iron spectrum insures 
correct alignment of the strip on the card. 

it is impractical to print a scale graduated in wavelength values on the 
photographic plate, as is done iu the smaller Cornu-type spectrograph. 
Ill some of the more recent Littrow instruinents, the design has been 
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altered so as to permit rapid adjustment aad rpsettiiiju; to previously 
determined spectral ranges so that the use of a scale either in angstroms 
or in linear values is not an impossibility. 

The iron spectrum has a very' large number of lines, many of which 
have been determined with great accuracy so that some of them form 
part of our spectrum standards from tvhich the wavelength values of 
other lines are determined. Because of the large ininiher of iron lines 
the iron spectrum is essentially a gi-aduated scale which can be printed 
onto the negative adjacent to the unknown spectrum, and the position 
or wavelength of the unknown line determined by its relative position 
between known iron lines. Although the iron spectrum is not so evenly 
graduated as a regular scale, it is a great deal more accurate than any 
scale which could be drawn and photographed on the negative. 

Experimental Procedure — Freporaiion of Chart. For this experiment 
the spectrum of a steel sample is to be photographed and a 10 times en- 
largement prepared as in Exercise 4. For routine analysis it would not Ire 
necessary to enlarge this strip, but merely to project it on an identified 
iron-unknown card as obtained from Exercised, Plates 11 to XXX\'r, or 
such charts as those given by Baidet or Crook, and to identify the un- 
known lines from the projection. If there are a large number of students 
in the group it is more satisfactory to use enlargements, making a strip 
about 3 inches wide and making 10 strips from a given negative, i.e., 
one print each from the 1-inch divisions of the negativ^e. Each strip is 
then cut into three strips 1 inch wide, and eaeli student identifies the 
elements other than iron present in a set of strips, using the cards pre- 
pared in Exercise 4 or Plates IltoXXXVI for reference and identification 
(Fig. 12.12). The number of strips to be identified by each student will 
depend upon the amount and number of elements other than iron present 
in the sample. A sufficient number of strips should be assigned to each 
student so that there will be at least 50 line,s (not 50 elements,! other than 
iron to be identified. 

Identification of Elements. In identifying the elements three steps are 
inv'olved ; 

1. The wavelengths of all the unknown lines should he determined. 

2. Tables of persistent lines, arranged according to wavelength, should 
be consulted in order to identify the elements present. If the prersistent 
lines of a suspected element are not to be found in the spectral section 
under observation, the high-intensity lines of this element should be 
sought, as given in the tables of principal lines, since, as a result of the 
different methods of excitation, it is possible that the persistent lines of 
a singly ionized element may not be apparent, while those of the element 
of higher excitation state are apparent . 
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3. Gheclv these possibilities \)y reference to the tables of persistent 
and principal lines arranged according to elements. 

Report oj Experimental Results. At least three lines of an element must 
be present for positive identification. The report should indicate the 
elements and wavcden^tli values observ-ed. 



Fig. 12.14, — Use of cards for ideatificatioa of elements. (Projection, of unknown 
spectrogram with enlargement to the same scale as the card spectrum.) {Note: In this 
example the unknown is an iron-containing compound and hence no adjacent iron 
spectrum is required.) 

Film Spectrogram. A film negative has been included at the back of 
this book showing a nonferrous alloy. No. 1 in (E) and (F) and two 
steel sample spectrograms, Nos. 3 and 4, taken on a Littrow spectrograph 
and suitable for this exercise if the observer's laboratory is not equipped 
with a high-dispersion spectrograph of the Littrow type. [Film spectro- 
grams are not included in the special student edition) 

Problem. In Figs. 12.13 and 12,14 are given examples of the use of the comparison 
iron spectrum cards in the identification of unknown elements. Indicate the lines and 
elements present in each of the unknown spectrogram seetions shown in these figures. 


EXERCISES 6 -\XD 7 


PREPA-RATIOR OF WORKING CURVES AND (^RARTITATIVE DETER- 
MINATION OF ELEMENTS BY THE LOGARITHMIC SECTOR METHOD 

(EXERCISE 6), AND BY THE PHOTOMETRIC METHOD EXERCISE 7 

The principles involved in this determination are described in detail 
in the theoretical discussion on the influence of concentration on line 
intensities (page 77), and the description here ^vill deal only with the 
application of these principles to the quantitative estimation of elements. 
It has been shown that for low concentrations of an element the intensity 
of its spectral lines bears a definite, although not linear, relation to the 
amount of element present. The measurement of this line intensity is 
further complicated by the fact that our usual method of recording a 
spectrum line is by the photographic process, which fails to record all 
light intensities in a linear density increase (see section on photograiih}-, 
page 295). 

Since the two sections of this joint e.vperinient deal witli the measure- 
ment of line intensities by different methods, it is advisable to use tlie 
same set of kno^wns for both determinations in order that a comparison 
may be made of the two methods. 

Preparatio'ii of Samples and Choice of Internal Skmdurd. The prepara- 
tion of a standard or working curve for use in either of these methods 
requires a series of samples containing v'arying known ainoimts of the 
^'unknown” for which the analysis is to he made, in concentrations ex- 
tending over the range expected in the samples which may be submitteil 
for analysis. Each of these known “unknowm’’ samples is to contain an 
added internal standard upon w’hich reference intensity measurements 
can be made. The amount of this internal standard is to he constant in 
all samples in the series. Though, not necessary in routine analysis it is 
suggested that two or three internal standards be used with each series 
in the experiment. The amount of internal standard to be added will 
depend, of course, on the internal standard lines that are to be used for 
comparison with the unknown lines and the relative intensities of these 
lines, i.e., for best results the unknowm and standard lines should have 
about the same intensity" in the middle of the range over which analysis 
is to he made. The photographic tables of Eder and Yalenta (All) are 
valuable in indicating a choice of possible internal standards to be used 
with the unknown material In the table of spectrum lines according to 
elements (Table IV, pages 365 to 434), lines which have been used by 
various observers for quantitative analysis, together with the lines that 
have been used as control or internal standard lines, have been indicated 
by S, B, L, etc. The conditions involved in the choice of an internal 
standard and unknown pair as indicated in the section on quantitative 
analysis require lines whose intensity or intensity ratio does not change 
2.'>3 
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with excitation conditions (Fig, 5.2), iv^hose intensity' is sufficient for 
measurement in low concentration of the element, whose wavelength 
values are reasonably near together, and whose intensity is not appreci- 
ably influenced by extraneous elements present in the unknown sample. 

It often happens that in commercial laboratories series of chemically 
analyzed samples containing varying amounts of a number of elements 
of known concentrations are available. Such series are especially desir- 
able when one wishes to prepare a working curve of metallurgical sam- 
ples. The choice of a sample depends largely on the nature of the products 
to which the method is to be applied. If the analysis is to he made of an 
alloys., then alloy samples should be prepared if possible; if the analysis 
is to be of a clay or refractory material, then a similar base composition 
should be chosen for the preparation of the standard samples. In the use 
of solution samples the standards can be easily prepared hy dilution of 
a basic solution, care being taken that the anions present do not cause 
partial or complete precipitation of certain of the known or unknown 
elements. The solutions may he observed with a spark illumination as 
described by Twyman (Fig. 3.31) {CHS). If an arc illumination is 
desirable the solutions may be evaporated in 1-inch cupped pieces of 
carbon electrodes (Fig. 3.21) and arcked in the usual manner. 

The preparation of standard samples for a clay or refractory series is 
somewhat more diflBcult but the exposure technique is simpler, and hence 
this is recommended as a laboratory experimental procedure to observe 
and compare methods. The same procedure has been found to work in 
the preparation of working curves of solutions. In a group of thirty or 
forty students the class is usually subdivided for convenience into five 
or six sections and each group prepares its own series of samples. Table 
12.4 indicates possible combinations of elements for comparison studies 
and construction of working curves for quantitative analysis. 

TABLE 12.4 


Student Section No. 

Internal Standard 

TJnkaown 

1 

Cu,Pb 

Ca, Sb, Bi 

2 

Mg, Zii 

Cu, Hg, Pb 

3 

Cu, Hg 

Mg, Zn, Sn 

4 

Mg, Pb 

Ba, H, Cu, B 

5 

Zn, Sn 

Pb, Cu, Mg 

6 

Mg, Bi 

Zn, Cu, Ca 


For each student section there are to be eight unknown samples, one 
standard (containing the internal standard only), and one blank sample 
(basic compound), as indicated in Table 12.5. In the method of prepara- 
tion indicated in this table it will be noted that about 2Q0 grams of No. 2 
(basic compound -f internal standard) are required and that in the end 
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t)oe has available about 20 grams of each sample for anah’sis purposes. 

a solution method is used a corresponding number of milliliters will 
be required.) A satisfactoiy basic compound for this experiaient is a 
mixture of 25 parts of silicic acid (anhrdrous) and 100 parts of alumina 
(AI2O3) ground together in a ball mill to produce a fine free-flowing 
powder. 

TABLE 12.0 

Prep.vil\tiox op Samples 


Sample No. 

% Internal 
Standard 

Unknown 

Method of Preparation 

1 (Blank) 

None 

None 

Basic Compound 

2 (Standard) 

1.0 

None 

1% of Each Internal Standard 

3 

1.0 

0.001 

23.3gNo. 2-f lOgNo. 4 

4 

1.0 

0.00333 

20 gNo. 2 -+ lOg No. o 

5 

1.0 

0.01 

23.3 g No. 2-+ 10 g No. 6 

6 

1.0 

0.0333 

20 gNo.2 4- lOgNo. 7 

7 

1.0 

0.1 

23.3 g No. 2 -+ 10 g No. 8 

8 

1.0 

0.333 

20 gNo. 2-f lOgNo. 9 

9 

1.0 

1.0 

23.3 g No. 2 -f 10 g No. 10 

10 

1.0 

3.333 

3.3% of Each Uaknown in No. 2 


Note: Concentration of cations as given in percentages applies to the free element. In the prepara- 
tion of samples 2 and 10 allowance must be made for anions such as the hydroxide or carbonate in 
determining the percentage of elements introduced. 

In the preparation of some of these standard and unknown mixtures, 
solutions have been made of the metal ions and added to the clay to- 
gether with sufficient water to form a mush; the mixture is dried in an 
evaporating dish on a steam plate with constant stirring and then ground 
in a mortar or hall mill to insure uniform distribution of the metal ions. 

To shorten this preparation a modification has been tried, with rea- 
sonable success, in the grinding of the metal salts (preferably as the car- 
bonates) with a small amount of the silica-alumina mixture (sample 1) 
and then grinding this with the remainder of the mixture required for 
the sample. The final 30 grams of the mixture is to be sampled by the 
“quartering process” used in anahdical methods, and 10 grams of this 
is to be set aside for the preparation of the next mixture. 

Experimental Procedure — Slit Illuminaiion. In making photographs 
with the logarithmic sector a cupped electrode is to be used, and 10 
exposures of 6 to 10 seconds each are made, refilling the electrode each 
time, thus making an exposure of 1 to 2 minutes for each sample. The 
first series of photographic exposures are to be made with a logarithmic 
sector in accordance with the method of Scheibe (A -59). This method 
requires that the sector be placed as near the slit as possible and that 
the slit be illuminated as uniformly as possible. For this uniform illumi- 
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nation one can best use a long-focus lens iminediatelv in front of tlie 
sector (Fig. 12.15). This long-focus lens should bring the arc or spark to 
a focus OB the collimating lens of the spectrograph, where a suitable 
diaphragm can be placed so as to cut out unwanted electrode portions 
of the arc or spark. If the light source is located at a distance from the 
lens, sector, and slit of about 30 to 50 cm and the distance from the slit 
to the collimating lens is this distance or greater, it is obv^ious that the 
position of the arc or spark must be carefully set and watched on the 
test screen during the exposure so as to be sure that the diaphragm in 
front of the collimating lens in the spectrograph is properly filled. If 
there is some uncertainty about the Oiling of this diaphragm and the 
spectrograph is easily opened for inspection it is worth while to open the 
slit to about 1 mm, illuminate the slit with the light source, and examine 
the image of the source on a white card placed in front of the collimating 


^LOO SECTOR 



Fig. 12.15. — Position of slit illuminating Jens. a. Slit wedge or logarithmic sector 
method, b. Normal use. 

lens. One should, of course, be careful to dose the spectrograph and 
reduce the width of the slit before opening the plate holder and proceed- 
ing with the observations. 

Logarithmic Sector Ex'posures. It is essential in the use of a logarithmic 
sector (Fig. 5.4) that the cutting or straight edge of the sector be paral- 
lel with the slit at the moment at which it crosses the slit. The sector can 
be driven by a small synchronous motor such as the motor of an electric 
clock. In the use of the sector method it is usually necessary to remove 
the Hartmann or wedge diaphragm in front of the slit. In order to photo- 
graph the normal spectrum of iron as a comparison, on the lower edge 
of a logarithmic sector photograph, it is necessary to stop the sector, 
move the plate holder about 2 mm upwards (assuming that the sector 
is set so that its center of rotation is below the slit), and set the sector 
so that it makes an angle of ahout 90° to 180° with the slit (Fig. 12.16). 
This will produce a narrow spectrogram of about 2 mm below and in 
contact with the logarithmic sector spectrogram. 

Since the logarithmic sector method uses the full slit aperture, the 
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pacing between photographs w^ill have to be lo iiiiii. To be sure of the 
purity of the electrode a photograph should first he made with the car- 
bon electrode; then a photograph should be made ot the silica-alimiina 
mirctiire to determine what elements may be present in this mixture. 



Fig, 12.16. — Slit and sector positions for stopped sector photograph (lieight of siit and 
spectrogram indicated in millimeters, based on a 15-mm maximum slit length). 

The thii’d photograph is to be a standard, i.e., the silica-alumina mixture 
plus the internal standard but without any of the unknown elements. 
;kfter this the mixtures containing the ‘‘unknown' should be e.xposed, 
starting with the mixture containing the smallest amount and proceed- 



Eig. 12.17. — Logarithmic sector (Kilgrr). 


ing to samples with higher concentrations of the unknown. By following 
this order of exposures it is not necessary to use new carbons for each 
exposure, although this would be done, of course, if one were working 
with substances of unknown concentration or preparing a working curve 
for exact quantitative analysis. 
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The carbon blank on the first negative should be taken at 0 mm on 
the plate position scale, the silica-alumina at 10 mm , and the remaining 
four exposures on this negative at 15-mm intervals. The sector should 
now be stopped and set at 90° to the slit (see Fig. 12.16). The plate 
holder should he moved to 72 and a 10-seeond iron spectrum taken. 
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Piu. 12.18. — l^egative 1 (Exercise 6-7). 


The second negative will start with sample 6 and continue at lo-mm 
intervals to sample 10. The revolving logarithmic sector is again to be 
stopped and this time set to an angle of 45°, the plate holder advanced 
5 mm from the previous photograph, and another 10-second iron spec- 
trum taken. Slit width on both negatives should be 0.03 to 0.05 mm. 

Photometric Exposures. Continuing on the same nega- 
tive, the photometric-method exposures may be recorded 
by making 6 exposures of about 6 seconds each with the 
electrode refilled before each exposure. For these photo- 
graphs the sector should be stopped and set at about 45° 
and the plate holder mov'ed 5 mm after each sample photo- 
graph. Starting with new carbon electrodes, the silica- 
alumina mixture, the blank with the internal standard, 
and the samples in the order of increasing concentra- 
tion are to be photographed. After the last sample an 
iron spectium should be taken, making 12 photographs 
in all. 

Application of Density Pattern. Before these plates are 
developed they should be calibrated by having a density 
wedge (Fig, 12.19) printed on them (a logarithmic density 
negative can be obtained from the Eastman Kodak Com- 
pany). This wedge can be placed on the top of a printing box so that the 
low wavelength edge of the plate can be exposed. The time of flashing or 
exposing the density pattern should he such as to yield a gradation 
from opaque to transparent in the range of the wedge, after the nega- 
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Eig. 12.19.— 
Step-densitj" 
■w edge (A) . 
Log-density 
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five has been developed. A more satisfactory and aceiirate method 
of plate calibration can bo obtained through the use of a step wedge. 
(H- step sector in front of the slit, or a step slit (C44^. By this method 

Variable 



Fig, 12.20. — Negative 2 (Exercise 6-7). 

a density pattern can be obtained for the negative at the same, or 
appro.ximately the same, ivavelength as that at which the analysis 


observations are to be made. 
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Fig. 12.21. — Enlarged section of Fig. 12.18. 

Xwmber of Negatives. The above series of photographs if made on a 
Littrow instrument should be made first at the setting of the spectre- 


graph which includes the 3000-4000 region, and then repeated at the 
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.'getting which, includes tiie 2500-3000 A region. In all, four plates are to 
be prepared for this exercise. 

Measure}?wnt of Litie Intensity — Loqarithmic Sector Method. Each stu- 
dent will be assigned one unknown element to be compared with one of 



I’m. 12.22. — ^Logarithmic sector worlang curve. 

the internal standards. It majr be necessaiy to use several lines of either 
the known or internal standard before a satisfactory series can be located. 
The choice of line pair's has been discussed in an earlier chapter. 

The lines by the logarithmic sector method (Eig. 12.21) are to be 



measured to the nearest 0.1 mm by a graduated eyepiece. The measure- 
ment to be made is the length of the line from its end to the dark strip 
caused by the outer edge of the sector. A record (Table 12.6) should be 
made of the observed line lengths, and the difference between the lengths 
of the known and standard plotted (Figs. 12.22 and 12.23) against 
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tht^ eonctiutration in pereeiitagc and against the cone eiit ration in k*-: 
l>en‘entage. In the latter case a straight line should be obtained, at least 
over the effectiye portion of the concentration range. 

Measurement of Line I ntensity—Phoio metric Method. The series of 
speetrograins taken with the stationary sector (45° angle) so as to yield 
a line height of about 4 mm are to be measured b\' means of a densi- 
tometer. Any one of the ayailable eommercial instruments will pro\'e 
quite satisfactory for this experiment, or one may construct his own in- 
strument through the use of a projection system such as is available in 
a lantern-slide projector. The spectrum image is projected on a screen 
in which has been placed a slit with a photocell backing it (Fig. 12.24). 
The current from the photocell {Aid) can be measured by a galvanometer 
or sensitive mieroammeter, thus providing a measure of tlie lino density. 
It is desirable to use a mechanical drive on the plate motion and to 
observe the maximum swing of the galvanometer as the spectrum line 



I)asses ill front of the slit; this is not necessary, however, and accurate 
results can be obtained from careful setting of the spectrum line in front 
of the slit by manual operation. 

The observer should record the density (Table 12.6) of the unknown 
and internal standard lines in each of the spectrograms as indicated by 
the galvanometer readings. The observer should also record the galva- 
nometer readings for a clear portion of the plate, the zero light intensity 
reading with the photronic cell covered, and the density values of the 
plate calibration wedge. The difference in density values of standard 
and unknown lines should be plotted against the concentration and log 
concentration of the unknown line (Fig. o.ldd). Since over a considerable 
portion of the plate density there is a linear relation between the density 
and the logarithm of the exposure or the logarithm of the intensity, this 
density difference should be equivalent to the difference in line length 
obtained by the logarithmic sector method. 

Application of Plate-Density Ca libration . To conhrm this linear relation 
and supply any necessary correction to deviations from it, the galvanoni- 
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TABLE 12.6 

(Form of Report of Data, ix Exercises 6 and 7) 

fc:>pec‘trographic Laboratory 

Eeport ojt WoHKiua Curve D.ata 


Observer QUANriTATIVE Plate No. 

Date SPECTE.OGRAPHIC Method and Settings. 


Iiiternai Standard Pb JSA^.OT ANALYSIS Base A/afer/til — 


Un 

known £i SOt!?.'S 

Concentrations 

Log Sector Method 
Length of Lines Ratio 

Deflection 

= so % 

Densitometer Method 
Clear Deflection = 33.3 

Ratio 

No. 

Pb^c 

BiTc 

Los Bi 

Bi 

Pb 

Bx-Pb 

Bi 

Pb 

S3.3-Bi 

32.3-Pb 

OBi/Ipi] 

1 




3087.73 

• S833.07 


3067.73 

33.3 

3833.07 

Tm 

Ipb 

2 

1.00 




7.0 


33.8 

18.1 


4.1 


3 

1.00 

0.001 

-3.000 

5J 

7S 

-3.0 

31.8 

18.0 

0.4 

4.3 

0.095 

4 

1.00 

O.OOS 

~uir 

6.3 

7£ 

-OB 

SIB 

18.1 

0.7 

4.1 

0.171 

5 

1.00 

0.010 

-3.000 

7.3 

6.8 

0.4 

31.3 

18.1 

1.0 

4.1 

0.34^ 

6 

1.00 

0.03S 

-1.4.17 


73 

1.0 

SOB 

18.2 

1.7 

4.0 

0.435 

7 

1.00 

0.106 

-1.000 

9.3 

6.3 

1.9 

19.4 

18.1 

3.8 

4.1 

0.88S 

S 

1.00 

O.SSO 

-0.477 

10.6 

7.8 

3.8 

18.6 

18.1 

3.6 

4.1 

0.878 

9 

1.00 

1.000 

0.000 

11.3 

8.1 

3.1 

17.9 

18.0 

4.S 

4.3 

1.035 

10 

1.00 

S.SSS 

0.5iS 

11.7 

6.9 

4.8 

17.7 

18.1 

4.S 

4.1 

1.098 



Fig. 12.25. — Ealarged section of densitometer negative. P. 


eter values for the calibration densities should be plotted against a unit 
linear scale since the densities of the w'edge steps bear unit log relations 
(Fig. 5.11b). The slope of the linear portion of the curve will represent the 
plate gamma, and corrections which are necessary to apply to the spec- 
trum line intensities can be easily estimated. For e.xample, if Di repre- 
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j;eiitsthe density (gaWaiioiiieter) value of a given standartl line then the 
neeessajT correction which must be added to the reading is represented 
by di. If 1)2 represents the density of an unknown line then will repre- 
sent the correction necessary to add to this value. 

The density cliiTerciices may thus be given appru.^iniately as />i — Z >2 
or more accurately as cfi) — d«). If Di and Z>; are nearly 

equal, then any correction which might be necessary would drop out in 
the calculation of relative intensity. 

Repcrt on Exercise 6, The report to be handed in for Exercise t> i, log- 
arithmic sector method) should include: (1) a data sheet indicating the 
composition of the samples and observed line lengths and ditfereiices 
(see Table 12.6); (2) a curx'^e indicating the relation between line length 
difference (relative intensity) and percentage composition: and s3i a 
similar curve indicating log percentage composition. 

Report on Exercise In the report 'Rdiich is to be handed in h.ir Exercise 
7 (the photometer method) there should be: (1) a data sheet indicating 
the composition of the samples and galvanometer readings for the sam- 
ples and density pattern (see Table 12.6) ; (2) a d, log I curve for the 
photographic plate, based on the density pattern: (3) a curve of the 
unknown-standard intensity (galvanometer differences plotted against 
percentage composition), and a correction curve based on the log density 
pattern; and (4) a curve of the log percentage composition-line density 
difference. 

Film. Spectrogram, and Sample Date Sheet. If a logarithmic sector or a 
densitometer is not available, the essential figures for the experiment 
can be obtained from the sample data sheet (Table 12.1). In addition, 
the sample negative (Sections C and D) at the back of the book can be 
measured on a densitometer for the photronic cell method or with a 
measuring eyepiece for the logarithmic sector lines. In the absence of a 
measuring eyepiece the logarithmic sector portion can be enlarged and 
measured directly with a millimeter ruler. It is suggested that the fol- 
lowing logarithmic sector pairs be identified, measured . and the differ- 
ences plotted : Pb 2873„hMg 278 1 ; Sn 27S5/Cu 27G6 ; and Sn 291 3 Mg 2776. 

Remarks. A convenient method of constructing a logarithmic sector 
is to draxv on a piece of polar coordinate paper an accurate circular log- 
arithm curve. A thin aluminum disk of the proper size is cut and drilled 
to the exact size of hole required to fit on the bearing shaft , which may 
be attached to the spectrograph. The disk is out to approximately the 
same relative size and curvature as the drawing would indicate, alt hough 
the disk will he about 1/10 the diameter. The disk is then placed on a 
glass plate in the holder of the enlarging machine, and the enlarging 
machine is focused to give almost the same degree of enlargornont as the 
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cuordinalc draM-iiiu:, renliM-ing llu' hole in tlit* (Hyk on the center 
of The polar conrclinate sheet, thie can tell from this enlargement the 
exact phu'cs on t ho disk whore it is necessary to ent or file and the amount 
of such reduction required. The process of cutting and smoothing down 
must be continued until a perfect miniature reprodnction of the paper 
cuiwe is pi'odiiced in the sector. 

The calibration of a plate by means of the density- wedge is made with 
a white light source. To he more accurate and to correct for certain pos- 
sible errors in variation of plate emulsion sensitiwity at various wave- 
length values, one should expose the calibration wedge with light of the 
wavelength at which the spectrum line is to be measured. This can' he 
accomplished in part by means of a step slit such as Hansen {CoS) and 
Duffendaek ( 044 ) have described, or by means of a step sector or step 
wedge placed in front of the ordinary slit. Lines adjacent to the spectrum 
lines under investigation can thus be measured to obtain the d/log I 
curve for the particular waveleiigth portion of the plate. 

The pairs of spectrum lines used in the logarithmic sector method 
should be used in the photometric method, so as to provide a comparison 
of the two methods. 

Problems. 1. Plot the logarithmic sector and the densitometric working curves 
for which the data are supplied in Table 12.6. 

2. Plot the logarithmic sector and the deusitonietric working curves for which the 
d.ata are supplied in. Table 5.4. 

3 . Identify the 2S73 Pb line and the 2781 Mg line in Pig. 1 2.21 . Measure the length 
of these lines, and plot the working curve. 

4. Identify the 2913 Sn line and the 2776 IMg line in Fig. 12.21 . Measure the length 
of these lines, and plot the working curve. 
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VISUAL ABSORPTION SPECTRA DETERMINATION OF GLASS 
AND SOLUTION SAMPLES 

Tile object of this experiinent is to dotoriiiitir- riie visual alisorpt itoi 
spectra of certain colored samples. These detemtiiuitiotis may he made 
oil a visual spectrophotometer such as the Biiustii and Loiiili, Hilger- 
Xuttiiig. Keuffel and Esser, Kdiiig-]\Iart('iis, etc. Tlie Bauseh and Lomb 
apparatus (Fig. 12.25) is equipped M’ith a colorimeter ty]a' of cell holder 
(Fig. S.19) which permits the measurement of the transmis.doii of 
liquids of any desired thickness up to 6 cm. The instrument is de.signed 
so that the colored sample may be placed in front of either of the loeams. 
but, in order to get positive readings on theob.servation scale, the eeilored 
samples should be placed in the right-hand beam. 



Fig. 12.26. — Spectrophotoinetei' (Bauseh and Lomh). 

(See Fig. S.ld for diajtrani.) 

Deter minaiicn of Match Point. ISTo adjustment should he necessary, 
but it is advisable to observe the spectrum with both beams clear and 
to check whether extinction values remain zero over the spectral range. 
Two observations for each point to be plotted are made, i.e., one must 
observe the wavelength value and the extinction value. The match is 
observed in the e^'epiece as a column of light . dilferiug in color in accord- 
ance with the wavelength w^hich. is being observed, and divided across 
the center into upper and lower segments. change of the extinction 
will, of course, alter the relative intensities of the two halves Fig. 12.27?. 
The width of the eoliiniii or slit of light can usually he adjusted, and it 
should be set to as narrow a column as can be conveniently observed. 
The eyepiece itself can be focused by the focusing screw whicii is on the 
tube leading to tbe prism unit. In using the Hauscli and Lornb instru- 
ment, care should be taken not to disturb the small screw by the eye- 
piece. This is not a focusing screw but determines the wavelength cali- 
bration of the instrument. 
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Photometer Scale. On the Hilger instrument the graduated photometer 
disk is divided in densities and degrees, the Konig-Martens and Gaertner 
instruments are graduated in a similar manner, and the Keuffel and Esser 
instrument is graduated in percentage of light transmitted. The Bausch 
and Lomb instrument has the photometer scale divided into three parts: 
one part, involving an angular swing of 180°, is graduated in degrees; 
the remaining two parts of 90° each are graduated (a) in percentage 



Fig. 12.27. — Match point and slit opening; strips indicate appearance of spectra at 
different extinction settings of comparison beam, with wide (left) and narrow (right) 
ocular slit. 

transmitted, and (6) in the negative logarithm of the percentage trans- 
mitted, or, as commonly known, the extinction coefficient. (See Table 
IX for interconversion of these units.) In making observations, extreme 
care should be taken that the readings are made on the same scale, and 
not part on one and part on another, since the match points are ob- 
servable on any of the scales. From a point of efficiency the best extinc- 
tion values are observable from 0.5 to 1.8, and, if a solution is being used, 
the cell thickness should be altered to provide extinction values within 
these ranges. 
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Method of Obsermtion. Data obtained for the test samples should be 
recorded on the data sheets and graph paper provided for this purpose 
(Figs. 12.28 and 12.29). It is advisable to make at least two readings per 
setting, and to make these rapidly (one or two seconds for each reading) 
rather than spending considerable time in trying to arrive at a satis- 
factory match point. If, with the slit of the eyepiece open, there appears 
to be no component structure in the observed sample, the readings should 
be made every 10 mjn; but if there is a component structure such as is 
observable in a neodymium glass the readings should be made at least 
every 5 m/z. Observations should not be attempted beyond 450 mpL in the 



Fig. 12.28. — Form for graphical recording of spectrophotometric data. 

blue or 720 m/d in the red. In the determination of absorption spectrum 
curves by a spectrophotometer it is suggested that the wavelength drum 
be set at definite values as indicated (Fig. 12.29) and the extinction 
adjusted to a match point, except for very sharp bands when it may be- 
come desirable to set the extinction to definite values, say every 0.1 or 
0.05 E, and change the wavelength to obtain, a match point. 

The dispersion drum of the spectrometer can be obtained with fre- 
quency rather than wavelength graduations, should the operator desire 
to record his data principally in frequency values. If a record sheet 
similar to the sample (Fig. 12.29) is used it will be noted that frequency 
values (in fresnel units) are given in italic type in parentheses below the 
wavelength values, so that curves may be plotted directly from the data 
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Fu;. 12.29 

SPECTROGRAPHIC LABOJiATORY Xo 

MSUAL SPECTROPHOTCMETRIC AXALYSIS 

Sample (1) Cone Sol. No. Observer.... 

(2) Ooni- Sol. No. Date 

Solvent (11 (2) (UV. Plate No ) 


440 

(I) 

Cell 


(2) 

Cell 

cm 

590 

(1) 

Cell 

cm 

(2) 

Cell 


Extinction 

.\v. 

Extinction. 

Av. 

Extinction 

A\. 

Extinction 

Av. 

(es3) 

450 


- 


- 

{509) 

600 







ieei) 

460 


- 


- 

{300) 

010 


- 


- 





{65S) 

470 


- 


- 

{4m 

620 


- 


- 





{638) 

480 


- 


- 

(484) 

630 


- 


1 





{635) 

490 




- 

(475) 

640 


- 


- 





{em 

500 




- 

(455) 

650 


- 


- 





{600) 

510 


- 



{4es) 

660 


- 


~ 





{588) 

520 


- 



(455) 

670 


1 


1 





(577) 

530 


- 


- 

{448) 

680 


- 







{366) 

540 


- 


- 

(441) 

690 


- 


- 





{556) 

550 


- 


- 

(4.75) 

700 


- 


- 





(545) 

560 


- 


- 

(4^5) 

710 


- 


- 





(535) 

570 


- 


- 

(4^3) 

720 




- 





(525) 

580 


- 


1 

(417) 

730 


1 ^ 

- 






(517) 


- 



(411) 


- 


- 
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sheet in either abscissa. It is highly desirable to plot the absorption spec- 
trum curve while the sample is in the instrument and to examine the 
curve for apparent irregularities. These irregular points on the curve 
should be rechecked on the instrument to determine whether an error in 
reading has been made or whether the curve actually has an irregular 
shape. 

Experimental Procedure. In this exercise the following observations, or 
such portions as the instructor may indicate, should be made. 

1. Absorption spectra of cobalt, nickel, or other simple colored glass. 
(See Fig. 11.10.) 



Fig. 12.30. — Absorption spectra curves of colored Cellophane films. (See Figs. 
12.42 and 12.43.) Yellow (Y), orange (0), red (R), green (G), blue (B), purple (P). 
(See Cellophane inserts in back of this book.) (Dotted curve indicates relative 
visibility.) 

2. Absorption spectrum of neodymium glass. 

3. Absorption spectrum of a dye solution (crystal violet). 

4. Absorption spectrum of a potassium permanganate solution. If the 
use of the apparatus is limited, it is suggested that samples 2 and 3 be se- 
lected. The colored solutions should be adjusted in concentration so as to 
give a maximum extinction value of about 2.0 E for the cell thickness used. 

Report. The report should include data sheets and curves (in X and E 
values) for the test samples. 

Problem 1. Plot the curve of the data .on aumple 2 in the sample data sheet (Fig. 
12.32.): 

(a) on a X (m //) — E system of ordinates. 

(?>) on a V (f) ■ — E system of ordinates. 

(c) on a X (vcipl ) — % transmission system of ordinates. (See Table IX for the 
necessary conversion values of E. 
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(d) Dot in on (a) and (c) the approximate curves for a solution of the con- 
centration of the original sample. 

2. (If Exercise 10 is omitted, the problem at the end of that exercise should be 
introduced here.) 

Cellophane Samples. At the back of this book are inserted samples of 
several colored Cellophane films for which visual absorption spectra 
curves are given in Figs. 12.30 and 12.42. Although the extinction values 
may vary in these samples owing to slight changes in concentration of 
dye or thickness of the film, they may be useful as unknowns in the de- 
termination of absorption spectra in the visible or ultraviolet. 

SuPPLEMENTAKY ExPEEIMENT 

A number of spectrophotometers are so constructed as to permit the 
observation of reflection as well as absorption spectra (Fig. 12.31). The 



Fig. 12.31. — Reflection spectrophotometer (Bau.sch and Lomb). 

reflection curves are usually broader than absorption curves, and hence 
one does not need to make observations closer than 10 m/i. The pro- 
cedure of observation is essentially the same as in the determination 
of visual absorption (i.e., setting the wavelength to definite values and 
adjustment of the extinction to a match of the two beams). The com- 
parison sample in the case of reflection may be a piece of undyed or 
colorless material of the same sort as the sample untler test, or the 
standard white produced by a magnesium carbonate block. 

Since most reflection spectra are taken in connection with color analysis 
it is usual to record the data in percentage of light reflected (equivalent 
to percentage of light transmitted by transparent samples). It is sug- 
gested that the data obtained in this experiment be converted from ex- 
tinction to percentage reflected. See Table IX for conversion values. 
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Fig. 12.32 

SPECTROGRAPHIC LABORATORY No. 

VISUAL SPECTROPHOTOMETRIC ANALYSIS 

Sample (1) Orange 543-0 Reflection Spectra Observer 

{2) Blue Violet US-BV Date 

Comparison MgO 



(1) 


(2) ^ 



(1) 


(2) 



Extinction 

Av. 

Extinction 

Av. 


Extinction 

Av. 

Extinction 

Av. 

440 

0.60 0.55 0.54 

0.53 

0.21 0.18 0.27 

0JS2 

590 

0.00 0.00 0.01 

0.00 

0.88 0.71 0.70 

0.70 

(6Sj8) 





{509) 





450 

0.64 0.56 0.63 

0.58 

0.29 0.21 OM 

0.25 

600 



0.75 0.74 0.75 

0.75 

{687) 





(500) 





460 

0,64 0.61 0.69 

0.65 

0.32 0.28 0.26 

0.29 

610 



0.71 0.73 0.75 

0.73 

{6SS) 





{492) 





470 

0.66 0.67 0.70 

0.68 

0.30 0.29 0.33 

0.31 

620 

0.00 

0.00 

0.70 0.66 0.67 

0.68 

{638) 





(424) 





480 

0.89 0.66 0.72 

0.69 

0.34 0.42 0.37 

0.38 

630 



0.59 0.65 0.63 

0.62 

{625) 





(476) 





490 

0.64 0.66 0.69 

0.67 

0.46 0.35 0.42 

0.41 

640 



0.47 0.50 0.55 

0.51 

{em 





(469) 





500 

0.68 0.62 0.65 

0.65 

0.52 0.45 0.43 

0.47 

650 

0.00 

0.00 

0.36 0.40 0.44 

0.40 

{600) 


1 



(462) 





510 

0.87 0.62 0.67 

0.65 

0.53 0.50 0.51 

0.51 

660 



0.32 0.37 0.29 

0.33 

{588) 





(4S5) 





520 

0.64 0.63 0.83 

0.63 

0.57 0.59 0.56 

0.57 

670 



0.32 0.26 0.22 

0.27 

(577) 





(U8) 





530 

\ 0.58 0.58 0.57 

0.58 

0.63 0.64 0.65 

0.64 

680 



0.20 0.21 0.25 

0.22 

{566) 


\ 





1 



540 

0.47 0.50 0.48 

0.48 

0.67 0.67 0.68 

0.67 

690 

0.00 

0.00 

0.12 0.20 0.16 

0.16 

{556) 





(436) 





550 

0.36 0.37 0.36 

0.36 

0.68 0.67 0.69 

0.68 

700 



0.20 0.09 0.10 

0.1 .1 

'im 










560 

0.24 0.26 0.23 

0.24 

0.65 0.66 0.68 

0.66 

710 





{536) 





(423) 





570 

0.08 0.12 0.10 

0.10 

0.68 0.68 0.65 

0.66 

720 





{526) 





(417) 





580 

0.02 0.00 0.04 

0.02 

0.67 0.69 0.87 

0.68 

730 





(517) 
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Problem. Two samples of colored paper (American Crayon Company) are sup- 
plied with this book and are suggested as samples for these determinations. The 
sample data sheet (Fig. 12.32) represents the observations on these papers as made 
with a Bausch and Lomb reflection sphere attached to the spectrophotometer (Fig. 
12.33). If a reflection spectrophotometer is not available it is suggested that these 
data be plotted and reported as observed samples. 



Fig. 12.33. — Diagram of reflection spectrophotometer (Bausch and I.omb). 
(See Fig. 12.31.) 


Report. The results of this supplementary experiment are to be re- 
ported on two graph sheets. On each graph sheet are to be plotted the 
observed extinction {E) against X (mg); the reflection (%) against X 
(mg); and by circled points the data obtained from the sample data 
sheet (Fig. 12.32). 



EXERCISE 9 

DETERMINATION OF ULTRAVIOLET ABSORPTION SPECTRA 

Ultraviolet absorption spectra iiiaj- be iletermiiietl on a inediuin spec- 
trograph (Bausch and Lomb, Hilger, etc.) to which has been attached a 
suitable photometer (Hilger sector photometer, Bausch and Loinl) sector 
photometer, Hilger Spekker photometer, etc.) (Fig. 12.34). 



Fig. . 12.34. — Sector photometer (Hilger). 

Light Source. Although in many laboratories a simple steel arc is used 
as a light source, a continuous light source has been found to be more 
satisfactory. Two types of continuous light sources are available, the 
hydrogen discharge and the underwater spark {€79) . As in the case of 

Fig. 12.35 

SPECTROGRAPHIC LABORATORY 


Serial Plate No. * . 


PL.'iTE RECORD 


Observer. 


No.t. 


*Serial Plate-record book must ANALYSIS FOR. 
be signed for each plate. Observer 
number must be indicated if serial 
number is not used on plate. 


tNote: Use initial or other sym- 
bol to avoid confusion with serial 
number, i.e., W-10. Observer num- 
ber ol serial ntnnber must be writ- 
ten on plate. 


Instrument • Date. 



V 

mm. 

1 

Sample j 

Time 

Slit 

Focus 

1 ! 

j E j£-0.3 

1 

! 



! 1 



2 




3 

■ 




25 




i 

1 


the simple arc spectrum adjustment on the apparatus (E.xercise 1), the 
optical line can be easily determined by placing an electric lamp at ap- 
proximately the position of the red end of the plate holder, opening the 
slit to about 0.2 mm, and projecting a beam of light through to the focus- 
ing test screen. 

Photometer. The specific directions given below are for a modified 
273 
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Hilger sector photometer and medium Bausch and Lomb spectrograph. 
Other photometers work on the same principle with a few variations in 
construction. This photometer involves the separation of the light into 
two beams, one of which passes through the absorbing substance, while 
the other passes through the solvent and an adjustable rotating sector or 
other photometric device. By taking a series of photographs at different 
settings of this sector, it is possible to approximate the same effect as 
would be obtained on the visual machine by setting the extinction to a 
given value and moving across the spectrum by adjustment of the wave- 
length drum. At any point in the spectrum where the transmission of the 
absorbing material is the same as that of the rotating sector, the two 
beams will match. If one records these sector or photometer values, it 
will be possible to plot the absorption against the wavelength or fre- 
quency and thus to obtain the absorption spectrum of the absorbing 
substance. 

Experimental Procedure. The observations are to be recorded on a 
plate record sheet (Fig. 12.35), and are to be made in the following man- 
ner: the first photograph taken at a setting of 0 is to be a scale ; the second 
at 4 mm, a comparison photograph in which the cells are not placed in 
the apparatus and in which both sectors are open and stationary or 
diaphragms are set for complete transmission. This comparison photo- 
graph will indicate whether the two beams are in proper adjustment. 
The two cells are now placed in their proper positions, the bottom being 
inserted first. The cell in the beam from the fixed sector or diaphragm 
should be the solution of the absorbing compound, and the cell in the 
other beam should be the solvent. The sector or photometer diaphragm 
in front of the solution cell should be at 0 extinction (completely open) 
and the solvent sector or photometer at an extinction value of 0.1. The 
third photograph now should be taken at a millimeter setting of 8, and 
each succeeding photograph should be taken at successive settings of 
-t-4 mm each. The fourth photograph is taken as before with both sectors 
running, but with the extinction on the solvent sector set at 0.2. The 
fifth photograph would normally be taken in the same manner with the 
extinction set at 0.3 for the solvent (top) sector, and at 0 for the bottom 
sector with both sectors running. 

Variation in Procedure with Sector Photometers. With certain types of 
two sector photometers (Hilger or Keuftel and Esser) a modification in 
the usual procedure is possible at this point. An examination of the per- 
centage values equivalent to the extinction units will show that an ex- 
tinction of 0.3 is equivalent to 50 per cent transmission. It is thus possible 
to remove the belt from the bottom sector, to leave it open and station- 
aiy, and to subtract 0.3 from the readings on the solvent (top) sector and 
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have the same relative transmission, so that, starting with photograph 
5, the solution (bottom) is set at open and remains stationary, and the 
top sector is set at 0.3 less than the indicated extinction, or, in this case, 
0. The sixth photograph is obtained by moving the plate holder down an 
additional 4 mm, setting the top sector at 0.1 {E = 0.1 + 0.3 = 0.4), and 
leaving the bottom one stationary. 

Experimental Procedure (continued). Photographs are continued at 
every 4 mm with increase in extinction values of 0.1 at each exposure 
up to an extinction setting of 1.4 (equivalent to a sector setting of 1.1 
in the modified procedure). The sector values by the modified method 
are recorded in the column E - 0.3 in the data sheet, the true e.xtinction 
being this value plus 0.3. The two cells are now interchanged, the solvent 
being placed in the bottom beam and the solution in the top beam. The 
top sector is left open and stationary’', and successive photographs are 
made at extinction values on the lower sector of 1.0, 0.5, and 0.0. Both 
cells are now }'emoved, both sectors set at open, and a photograph taken 
for comparison of the two beams (this should be at a millimeter setting 
of 76). The last photograph (millimeter setting of 80) should be a scale 
photograph. 

Exposure Time. The exposure time will vary, depending upon the curve 
and the extinction value. The exposure time is also a function of the in- 
tensity of the light source at the slit and the sensitivity of the photo- 
graphic plate. For example, the comparison photographs may be made 
at exposures of 5 seconds, and the e.xtinction photographs be started at 
5 seconds for the lowest extinction value and increase in time as the ex- 
tinction increases so that the highest value (for 1.4 extinction) should 
approximate 1 minute. The following table may serve as an example : 


Extinction 

Exposure Time 

Extinction 

Exposure Time 


(.seconds) 


(seconds) 

0.0 

.5 

0.8 

16 

0.1 

5 

0.9 

20 

0.2 


I.O 

25 

0.3 

5 

1.1 

.31 

0.4 

6 

1.2 

40 

0.5 

8 

1.3 

.50 

0.6 

10 

1.4 

64 

0.7 

13 




If one knows that the compound does not have an absorption band in 
the extreme ultraviolet, or the extinction of the extreme ultraviolet band 
is low, it is quite permissible to reduce the exposure times at the higher 
extinction settings. 

The above technique, indicated for a particular type of equipment, is 
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equally applicable to other ultraviolet spectrophotometers employing 
the photographic principle. In some of these, such as the Hilger Spekker 
photometer and the Bausch and Lomb sector photometer, there is no 



Fig. 12.36. — Partial spotting of negative. 

provision for the increase of light and decrease of exposure time by the 
use of an open beam in the solution path, or for the interchange of solu- 


WAVE LENGTH m/i=rmilliniicrons=meters x 10“® 
onn 1000 800 700 600 500 400 350 300 250 



FREQUENCY Vibrations -j- (seconds x 10'^) 

Fig. 12.37. Foi’in for graphical recording of ultraviolet spectrophotonietric data. 

tion and solvent so as to correct for any instrumental error in adjustment 
or light path. With these photometers one should make about the same 
number of exposures (the actual number is determined by the limits of 
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plate motion and size of the biprisui or diaphragm at the slit), i.e., the 
extinction should be varied from 0.0 to 1.5 to 1.8, 



600 V-^ 800 fOOO 1200 1+00 


Fig, 12.38. — Potassium dichromate (frequency scale — see Fig. 8.52 for wavelength 
scale). 

Shotting and Reading of Plate — Report. The plate is developed in the 
usual method, and when it is dry the match points are to be spotted. 

Seal* 

Comp. 

O.S 
1,0 
1.4 
1*8 
1.8 
1.7 
1.6 
i»e 

1.4 
1.3 
1.2 
1.1 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0,2 
0.1 
Conp* 


Fig, 12.39.-— Ab.sorptioii spectrum of benzene, c = 2.64 eg per liter, d = 0.4 cm. 
Extinction values as indicated. 

This is done on the glass side so that the spots may be removed, and not 
on the film, a dot being placed on the dividing line between the two 
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beams whenever they have the same intensity (Fig. 12.36). If it is 
desirable to plot the curve in wavelength values, they may be read off 
directly by means of the printed scale; but, if frequency values are to be 
plotted, a special plate with a frequency scale (see Fig. 8.51) should be 
set on top of the plate, and the values read off directly in frequency units. 
These values are to be recorded on the data sheets and then plotted on 
the appropriate graph form (Fig. 12.37). 

Standard Samples and Unknoivns. ‘It is suggested that a solution of 

Scale 
Comp. 

0.9 

1.2 

1.5 
1.8 
1.8 
1.7 

1.6 

1.6 
1.4 

1.6 
1.2 
1.1 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.6 
0.2 
0,1 
Ooinp. 

Scale 

Fig. 12.40. — Absorption spectrum of cod-liver oil, c = 0.0057 gram per lOO ml, 
d = 0.4 cm. Extinction value as indicated. 

K 2 Cr 207 (ClOl) (Fig. 12.38), azobenzene {Cl2) (Fig. 8.2), benzene 
(Fig. 12.39), or cod-liver oil (Fig. 12.40) be used for the analytical 
specimen. The concentration (c) of these solutions will depend upon the 
thicknesses {d) of the cells which are supplied with the photometer. The 
glass ring cells with quartz cover plates will be found to be very con- 
venient for this work. The cover plates can be held on by spring clip, 
rubber tubing, or metal frame. (See Figs. 8.35, 8.36, and 8.37.) 

Problems. 1. Using the film negative No. 2-G, in the pocket in the back of this 
book, spot the match points {not on the gelatin side), lay the negative on the repro- 
duction of the reading plate (Plate XXXVII) (note that in actual practice a trans- 
parent reading plate is used), and record the frequency values of the match points. 
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For the plotting of these data the following information is essential : Sample of Hydron 
Orange (6,6-diethoxythioindigo) in CHCls; concentration == 1.25 eg per liter, cell 
thickness = 1.0 cm; photograph order bottom to top; (1) scale; (2) comparison; 
(3) E = 0.0; (4) F/ = 0.1 . . . (19) E = 1.6; (20) E = l.S; (reversed cells from this point 
on) (21) E = 1.5; (22) E = 1.3; (23) E = 1.1; (24) E = 0.8; (25) comparison; (26) 
scale. 

2. The illustration (Fig. 12.40) is that of the absorption spectrum of a sample of 
vitamin A concentrate (cod-liver oil). Taking the extinction of the absorption band at 
328 mp as characteristic of vitamin A, and assuming that the photographs were made 
in the same order as the above sample, i.e., scale, comparison, 0.1, 0.2, 0.3, 0.4, 0.5 
Ey etc., up to the cell reversal point, determine the extinction of the maximum of the 
curve and from the factor 

(at 328 mju) E^cm X 2200 = International Vitamin A Units 
calculate the vitamin A concentration of the oil from the above and the following 
data: concentration = 0.0057 gram per 100 ml; cell thickness = 0.4 cm. 

3. The illustration in Fig. 12.39 is that of the absorption spectrum of benzene in 
alcohol, concentration = 2.64 eg per liter, cell thickness =» 0.4 cm. Spot the match 
points in this figure, and, from the extinction values given at the side and the wave- 
length scale at the top and bottom, record and plot the absorption .spectrum. 



EXERCISE 10 

PHOTRONIC COLORIMETERS 

Electrical and Optical Principle. In recent years a number of photronic 
cell photometers and colorimeters have been developed for the measure- 
ment of the color intensity of colored liquids or glasses by transmission, 
or papers and solids by reflection. In all these instruments the optical 
system as shown in Fig. 11.8 is usually employed, with certain modifi- 
cations for reflection measurements. 

The current from the photronic cell is usually coupled to a microam- 
meter with a shunting resistance which is variable in definite steps. By 
means of a suitable cell, ammeter, slide resistance, and step resistance, 
intensity variations from 1 to 10,000 can be easily measured with an 
accuracy of about 4 per cent. 



Fio, 12.41, — Photronic colorimeter (Central Scientific Company), 

(See Fig. 11.8 for optical diagram.) 

A slide resistance enables the operator to adjust the reading to a 
unit value such as 200, 500, etc., when it is desired to measure one sub- 
stance against another to determine relative differences. A step resistance 
provides a means of measuring intensities quantitatively. 

Some instruments have an exponential microammeter to provide a 
wide range with increasing accuracy at lower values so as to avoid the use 
of sliding or step resistances. The construction of a suitable colorimeter is 
not difficult since the essential parts, microammetcr and photronic cells, 
are easily available. In the absence of a suitable manufactured instru- 
ment of this type or one built in the laboi-atory, satisfactory measure- 
ments can be made in this experiment, as well as laboratory determina- 
tions of color values of solutions, by means of the ordinary photronic 
photographic exposure meter such as produced by Weston, General 
Electric, or Zeiss. A suitable diaphragm such as is provided with the 
280 
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General Electric meter to transmit 1/10 of the light permits a wide range 
of accurately measured intensities. In the absence of a diaphragm one 
can employ the simple optical bench relations of variation of intensity 
with the square of the distance from the source as a means of variation of 
incident intensity, rather than keeping the source and cell at a constant 
distance and varying the intensity by a screen. 

Experimental Procedure. The cell should be placed at a fixed distance 
from the light source so that with the 1/10 filter in position the needle 
should indicate a nearly maximum value. This value should be recorded, 
and then colored cellulose films such as the duPont Cellophane filters 
which are supplied with this book should be interposed between the light 
and the photronic cell (in the General Electric exposure meter immedi- 
ately in front of the 1/10 filter). If the value on the meter drops down to 
less than 1/10 of the original reading or the capacity of the meter, then 
the 1/10 filter should be removed. (Be sure that the direct light does not 
strike the photronic cell so as to cause the needle to swing beyond the 
indicated capacity of the instrument.) Readings are to be made on all 
the colored samples which are supplied. It is suggested that small pieces 
slightly larger than the opening of the colorimeter be attached or mounted 
in cardboard squares with an aperture of the proper size or between 
lantern slide glasses so as to permit their repeated use as filters and to 
provide convenient mounting in front of the photronic cell. 

Application of Data. The object of this experiment is to demonstrate 
how a simple photronic colorimeter can be used as a spectrophotometer 
in the measurement of color shades and intensities. The principles in- 
volved in this exercise require the subdivision of the visual spectrum into 
segments and the measurement of the color intensity in each of these 
segments. This is essentially what is done in ordinary spectrophotometry, 
Exercise 8, except that in that exercise the spectral segments were de- 
termined by the ocular and entrance spectrometer slits and were of the 
order of 1 or 2 m//. In this exercise we will divide the visual spectrum 
into five or six color sections (quite satisfactory results in the description 
of color have been obtained by the division of the spectrum into only 
three primary colors [Chapter XI]). 

Standard colored glasses (Fig. 11.10), filters, or the colored Cellophane 
samples in this book may be used as the dividers of the visual spectrum 
(Fig. 12.30). The object of this experiment is to demonstrate certain 
spectrophotometric principles of color measurement, and workers are 
cautioned against the use of uncalibrated filters for very e.xact colori- 
metric analysis. Even though every effort has been made to obtain 
uniform filter samples it is, of course, difficult in the production of large 
quantities of relatively inexpensive colored films to maintain an accurate 
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control on the dye strength or thickness, and sometimes the dyes them- 
selves may fade on continued exposure to light. In the application of 
these filters it will be necessary to know the spectral transmission curves 
which are given in Fig. 12.42 together with the relative visibility curve 
of the eye. 

An examination of the extinction curves of these Cellophane filters will 
indicate that double-thickness pieces of the yellow, orange, and red and 



Fig. 12.42. — Transmission curves of colored Cellophane samples. (See Fig. 12.30 
for extinction curves.) (Dotted curve indicates relative visibility.) 

single-thickness pieces of the green and blue will provide a better sub- 
division of the spectrum than that obtained by the use of single-thickness 
filters for all colors. In addition it will be noted that both the blue and 
green filters have a ti-ansmission region in the far red portion of the 
spectrum. The use of a combination blue and red filter or a green and red 
filter -will provide an additional spectral segment which should be in- 
cluded in the series of observations made with these Cellophane filters, 
and values obtained with both the green and the blue filtoi-s should be 
corrected by the subtraction of the extreme red transmission value 
obtained by this combination blue (or green) and red filter. The following 
dominant wavelength values are suggested for the Cellophane filters : 


Blue (lx) 470 m^i 

Green (lx) 510 

Yellow (2x) 560 

Orange (2x) 600 

Red (2x) 660 

Red (2X) + Blue (Ix) 690 
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In the use of these values it should be remembered that the corrected 
orange value of 600 ni/i represents the difference in transmission between 
the orange and the red filters, or the spectral segment which is transmitted 
by the oi-ange but not by the red filter. A similar correction has been 
applied in the assignment of the corrected yellow value, in that this 
represents the spectral segment which is transmitted by the yellow but 
not by the orange filter. 

The indicated dominant wavelength values for the green and blue 
filters require a similar correction in the form of subtraction of the 
red + green (or blue) transmission from the green (or blue) transmission. 
The spectral segment obtained by the use of the red -!- blue filter 
(690 m^t) is so near the limit of visual perception that it may be neglected 
in the subdivision of the spectrum for visual color analysis. The values 
obtained for this far red segment should, however, be applied as correction 
values to the blue and green filter observations. 

The data obtained by the direct measurement of the transmission 
intensity of the set of five filters (red, orange, yellow, green, and blue, 
but not purple) should be compared with the transmission curves given 
in Fig. 12.42. It may be assumed that these filters divide the visual spec- 
trum into five sections of approximately equal range with dominant 
wavelengths characteristic of each color. If the total intensity of the 
white light is observed as 500 foot-candles, and it is assumed that the 
energy distribution of the wdiite light is about equal over the visible 
wavelength range, then one may assign to each of the component colors 
1/5 of this value, or 100 foot-candles, to each region. From an examina- 
tion of the transmission curves of the red, orange, and yellow filters 
(Fig. 12.42) it can be seen that the yellow filter transmits all the red and 
orange light as well as the yellow, and the orange filter transmits the 
red as well as the orange, hence the spectral yellow value (To) will be 
equivalent to the observed filter yellow value (TO less the observed 
filter orange value (Oi) ; i.e., Yo = IT — Oi, and in like manner Oq = Oi — 
Ri. If the observed yellow, orange, and red values for the filters measured 
against a white light are Yi = 310, Oi = 215, and Ri = 105, then the 
spectral values for these three colors will be IT, = 310 — 215 = 95; 
Oo = 215 — 105 = 110; and Ro = 105. 

The intensity factor and dominant wavelength may be determined 
for each color by the area and the center of the surface bounded by the 
absorption curve of the filter and the relative sensitivity of the eye curve 
(Fig. 12.42). In the case of compound colors such as yellow, which in 
the filter includes both orange and red, the dominant wavelength of the 
spectral yellow is determined by the area bounded by the absorption 
curve of the yellow^ filter, the absorption curve of the orange filter (whose 
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energy is to be subtracted from the yellow value), and the visibility 
curve (Fig. 11.1). 

For the filters shown in Fig. 11.10 the following assignments of domi- 
nant wavelength may be used: red = 660 mju, orange = 610 yellow = 
575 mju, green = 530 m/x, blue = 470 mg. The student should compare 
the transmission curves of his filters (Fig. 12.30) with the above assign- 
ments and filter curves and make his own division of the visible spectrum. 
The original assumption that each filter could be considered as trans- 
mitting the same amount of spectral energy was based on an assumed 
division of the spectrum into five equal energy regions and an assumed 
100 per cent transmission of the energy in this region by the filter. Cer- 
tain filters, especially the green, have an appreciable absorption in the 
region of maximum transmission or dominant wavelength. It will there- 
fore be necessary to multiply all values observed with this filter by a 
constant so as to bring readings taken with this type of filter to the same 
basis as the other filters. 

It may also happen that the area of transmission of (or energy trans- 
mitted by) one of the filters may be greater than the assigned 1/5 of the 
spectral region, and hence it will be necessary to correct this filter value 
by multiplying by a factor of less than 1 to bring its readings to the same 
basis as the other filters. For example, if the green filter gives an energy 
transmission of 45 and the blue filter a value of 135 foot-candles, where 
the original white light reading is 500 and the division into equal energy 
would give 100 foot-candles to each spectral region, the correction factor 
for the green will be 100/45 or 2.22, and the correction factor for the blue 
will be 100/135 or 0.74. It is thus possible to measure a white-light source 
with photometer and determine the total energy and, by repeating the 
measurements with the set of filters, to assign relative intensities to each 
of these filter spectral regions. These values should all be equal and 
represent 100 per cent transmission for each of these regions. 

Measurement of Unknowns. If a colored glass, solution^ or one of these 
filters (it is suggested that the green or purple filter be used) is to be 
measured, it should be placed in front of the photronic cell and its total 
transmission measured. It should then be placed with each of the five 
filters in turn in front of the cell and the spectral transmission with the 
filter determined. The corrected values for the spectral regions, when 
added together, should be approximately the same as the original total 
transmission of the filter (based on the assumption that the five-way 
division by the filters is in approximately equal energy distribution). 

Dividing the corrected values for the white light for each filter into 
the corrected values for the interposed sample for the coiresponding filter 
one can obtain the percentage of light transmitted in each spectral re- 
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gion. These values should be plotted and the transmission curve indi- 
cated from the five points. The observations on the above two samples 
(purple and green filters) should be repeated for a three-thickness piece 
of the sample. 

Report. The final report should include a data sheet indicating: 

(a) Total energy or light intensity of source (this may be an extrap- 
olated value by use of a 1/10 or other reducing filter if the original 
source is too bright for direct measurement). 

(b) A tabular indication of the values for each filter, dominant wave- 
length, correction factor, corrected values, and total energy by summa- 
tion of filter segments. 

% 



Fig. 12.43. — Transmission curves of colored Cellophane samples. (See Fig. 12.30 for 
extinction curves.) 

(c) A tabular indication of the values for each unknown or test sample 
for each filter, the corrected values, percentage transmission, total energy 
by summation, and direct total energy (test sample without filters) . 

(d) Graphical representation of the transmission spectra of the test 
samples. 

Although the experiment which has been described deals with the 
transmission spectra of samples, it should be kept in mind that similar 
instruments are available for the determination of reflection spectra. 
If the photronic cell instrument, such as a photronic exposure meter, is 
not graduated in foot-candles or other direct measure of luminosity 
energy, it may be necessary to calibrate the scale by setting the instru- 
ment at definite distances from a test lamp and applying the principle 
of variation of energy with the square of the distance in the calibration 
of the scale. The calibration need not be in foot-candles, since the final 
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values recorded and plotted are percentage values based on the ratio of 
two readings of the instrument. 

Problem. From the data given in Figs. 12.30 and 12.42 or observed data in this 
experiment prepare curves (extinction and percentage transmission) showing the 
effect of combining the following filters: (a) purple and red; (6) green and yellow; 
(c) yellow and red; (d) blue and green; (e) blue, green, and yellow; (/) double thick- 
ness of orange. 

From an examination of these curves and the observed data, suggest combinations 
to provide additional or better segmentation of the visible spectrum by these filters. 
Note: It should be remembered, in the addition of absorption effects, that extinction 
curves can be directly added together but that percentage transmission curves cannot 
be directly added to obtain the compound curve (see Table IX for the relation 
between extinction and percentage transmission). 



EXERCISE 11 

SPECTRAL TRANSMISSION OF GLASS AND PLASTIC SAMPLES 

In its original form this experiment was intended to be performed with 
an ultraviolet hand spectroscope (Beck) (Figs. 12.44a and 12.446) hav- 
ing an iron arc as the ultraviolet source. The spectra as observed through 
the eyepiece appears as one of the strips in the following photographs 
(Fig. 12.45). The illuminated scale is a part of the optical sj’stem of the 
spectroscope. The ultraviolet hand spectroscope has a fluorescent screen 



Fig, 12.44a. — Hand spectroscope for ultraviolet (diagram). 

upon which the spectra and the scale are projected and upon which the 
eyepiece is focused. It operates, in principle, much the same as a visual 
hand spectroscope, and, in laboratories in which an ultraviolet hand 
spectroscope is not available, the experiment wdll have to be confined 
to visually colored plastics, glasses, and solutions. 



Fig. 12.44b. — Hand spectroscope for ultraviolet (Beck). 


In order to illustrate the ultraviolet absorption of some common ma- 
terials the photographs in Fig. 12.45 are given. It is suggested that an 
estimate be made of the ultraviolet transmission of these saupiles as 
well as the samples which are provided for test. For ultraviolet measure- 
ment the following samples are suggested: various grades of plate and 
window glass, Vita glass, Corex, Uviol, Pyrex, microscope slides, C'ollo- 
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phane, Pliofilm, cellulose acetate, Celluloid, Vinylite, Bakelite, etc. 
(for thin films it may be necessary to use several thicknesses). 


Cautio7i: Avoid looking directly at any ultraviolet light source. 
500 400 300 



Fig. 12.45. — Spectrograms of transmission samples (continuous source from under- 
water spark). (See Table 12.7 for identification code.) 


The data should be reported as follows (this partially completed data 
sheet provides the necessary information for the analysis of the observa- 
tions in Fig. 12.45) : 


TABLE 12.7 


Ultraviolet Transmission 
Plate No. (See Fig. 1245) 


No. 

Check 

Sample 

1 

V 

Scale 

2 

V 

Blank {quartz) 

3 

\/ 

Luster glass 

4 

V 

Microscope slide 

5 

v 

Pyrex 

6 

V 

Plate glass 

7 

v 

Greenish nuli?-a 

8 

v 

Noviol 

9 

V 

Sextant green 

10 

V 

Dark shade Alko 

11 

V 

Red purple Corex A 


Miscellaneous Samples 

Observer 

Thickne.ss Range of Transmission 

Visual to 295 Of 

2.3 nun 

1.3 mm 

2.6 mm 

6.0 mm 

2.5 mm 

3.6 mjn 

3.5 mm 

2.6 mm 

5.5 mm 
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TABLE 12.7 (Conf.) 


12 


Blue (No. 14) 

2.3 vun 

13 


Blue (312-UC2) 

1.9 mm 

14 

v" 

Blue (493-BG6) 

2.3 mm 

15 

\ 

Cellophane (Ix)* 

0.02 mm 

16 

V 

Cellulose acetate (Ix) 

0.02 mm 

17 

V 

Pliofilm (lx) 

0.02 mm 

18 

v' 

Celluloid 

0.2 mm 

19 

v 

M ethylmethacrylate 

72.3 7nm 

20 

V 

Red Cellophane (IX) 

0.02 mm 

21 

%/ 

Neodymium glass 

10.1 mm 

22 

V 

Zeiss GO filter 

1 .5 mm 

23 

V 

Scale 



* Single thickness = IX- t Method of reporting observations. 
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QUALITATIVE AND SEMIQUANTITATTVE SPECTROPHOTOMETRY 
PHOTOGRAPHIC PLATE SPECTRAL CALIBRATION 

Apparatus. The apparatus for use in this experiment can be con- 
structed from easily available parts (Fig. 12.46). 

The light source (LS) may be a T-20 type prefocus-base projection 
bulb (110- volt, 200-watt) or a single-filament lamp of the street-lighting 
series type (10 volts, 6 amperes) (which can be run from a Jefferson toy 
or miniature electric train transformer). A more suitable though more 
expensive source is the single- wire galvanometer lamp. The filament is 
focused (Li) as a line source on the density wedge (IT) or step slit (^S^), 



c, Cj C3 



Fig. 12.46. — Wedge grating spectrograph. 


adjacent to which is the cell (C) which can be used for spectral measure- 
ment of solutions; the cell can be replaced by filters or glasses if one 
wishes to measure the transmission of solid samples. 

The grating and second lens are indicated b 3 '- G and L 2 in the above 
diagram. The grating is a transparent replica grating such as is produced 
by casting a collodion image of a ruled grating and mounting it on glass. 
The second lens is placed so as to bring line spectra, produced by the 
substitution of a neon tube for the light source, into focus at the plate 
holder (PL). The plate holder has a permanently mounted glass plate 
inunediately in front of it which is transparent except for a photograph 
of coordinate rulings and a scale which is printed on the bottom and 
projects onto the photographed spectrogram as a calibration background 
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(iig. 12.47). It may be necessary to dye a portion of this screen plate a 
light yellow to absorb second order images from the grating'in the red 
end of the spectrum. 

Experimental Procedure and Reports. The following experiments are 
suggested : 

(a) Determine the spectral sensitivity of a film or plate by exposure 
with the density wedge. The print of the wedge spectrogram should be 
mounted and properly labeled to indicate the type of plate and character 
of spectral sensitivity. If available, additional films might be tried, keep- 
ing the exposure time uniform. The plate holder can be constructed so 
as to permit the use of motion-picture (35-mm) film, which is easily avail- 
able in a wide variety of types, including infrared-sensitive. 



Fig. 12.47. — Wedge spectrogram of Rose Bengal oB 1/400 (Mees [R 

(6) Determine the spectral transmission of the colored films supplied 
in this book, using a panchromatic film for photographic observation. 
The report should include prints of the spectrograms mounted above 
approximate extinction curve diagrams reduced to the same dispersion. 
(These curves can be obtained from the e.xtinction data given on these 
films in Fig. 12.42.) 

(c) Determine the spectral transmission of a solution of potassium 
permanganate or crystal violet, reporting as above and comparing the 
spectrogram with the data on the same solution obtained in Exercise 8. 


LECTURE DEMONSTRATION 

DEMONSTRATION OF ABSORPTION SPECTRA AND COLOR FORMATION 

The method described below has been used with considerable success 
in the lecture demonstration of absorption spectra and color formation. 
It also forms the basis for a colorimeter by means of which one can 
produce a color match or color analysis of the most complicated type. 
In its simpler form this colorimeter can be used with three fixed absorb- 
ing bands as a trichromatic colorimeter, or with one or two movable 
bands it can simulate with accuracy practically all the simple absorbing- 
effects which produce visible color. 

The light source (LS) recommended for this experiment is a T-20, 
500-watt projection bulb. A straight single-filament bulb taking 6 volts, 




Fig. 12.48. — Demonstratiou of absorption spectra. 

10 amperes, might be better, but such a current supply is usually not so 
conveniently obtained as the 110- volt current. The bulb should be placed 
in a protected ventilated housing so that the filament is viewed from the 
side as a single line. This is focused by a lens (Li) so that the point of 
focus of the image will be at the prism (P). This prism can be a solid 
glass 60“ type, or a hollow glass prism made by cementing glass plates 
together on a fiat plate, the edges of the plates being beveled so as to 
form a smooth cemented joint with the water-glass cement. A hollow 
glass prism of this type with a ground-glass stopper can be obtained 
from the usual laboratory supply houses. The prism should be filled 
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with carbon disulfide, which has a high refractive index and will produce 
a spectrum with a reasonably high dispersion. 

The spectrum, since it is produced from a nearly parallel beam of light 
owing to a short-focus lens placed close to the light source, may be con- 
sidered as originating as approximately a line source at the prism and 
will be essentially in focus at any point at which one might desire to put 
the viewing screen (Sc). With the light source placed about 10 feet from 



Fig. 12.49a. — Absorption spectrum of hemoglobin. 

the prism and the card at about an equal distance on the other side of the 
prism, a spectrum about 4 feet in length and about S inches high is pro- 
duced in sufficient brilliance to be easily view^ed in a large lecture room. 
Immediately in front of the viewing card is placed a cylindrical mirror 
(M). For modern plate-glass windows a technique of manufacture has 
been developed for producing curved plate glass with a radius of curva- 
ture of 10 to 15 feet, and in the installation of such pieces it is usually 



400 700 

Fig. 12.496. — Filter strip to produce a blood-red color. 

necessary to cut off narrow strips. A strip of such a plate-glass piece, 
about 3 or 4 feet long and 4 inches wide, can be silvered by rocking in a 
silvering tray, much as one w’-ould develop a photographic film ; it then 
forms an excellent cylindrical mirror for this demonstration. This cylin- 
drical mirror should be mounted in such a manner that it collects about 
half the height of the spectrum on the viewing screen and allows the 
remainder to pass over the top of it and be visible to the audience. The 
collected image from the cylindrical mirror will be focused at the point 
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(/) in tlie form of a line of light which represents a recombination of the 
spectrum into a single color. If a focusing screen (R) is placed at this point 
it will be possible to see this effect, provided that the focusing screen 
does not obstruct the spectrum on the mirror and card. Such a screen 
can be produced by grinding a l/S-inch-diameter, 5-inch-length piece 
of solid glass rod to a half-round cross section and focusing the light on 
the back or ground-glass flat face. The placing of this rod at the focal 
point involves a rather critical adjustment but is not difficult. The 
cylindrical smooth side of the rod will give a brilliant image of the 
ground-glass back face over a considerable angle of view. 

The placing of glass filters (F) or colored solutions in cells at the point 
C will cause the absorption spectrum to appear on the test card with a 
dark band where the light is absorbed, and the color of the light trans- 
mitted by the glass or solution will appear on the focus rod (R). That 
the color at R is the same as the transmitted color of the glass can be 
easily demonstrated by placing a card at P so as to show this color. A 
number of black cards (B) about 10 inches in height and of varying width 
should be available and mounted on slotted wooden blocks so as to stand 
on the table. These strips, placed immediately in front of the cylindrical 
mirror, are equivalent in effect to an absorption band. The portion of the 
spectrum which is cut out by the card can be seen in the test screen, 
while the color produced by the elimination of that part of the spectrum 
by absorption is seen on the focus rod (R). The use of several cards or a 
glass plate with a shaded blackening with a dark streak in the center and 
gradual reduction in intensity" towards the edge will produce a wide 
variety of effects. It is possible to prepare Celluloid strips the length of 
the spectrum and blackened in certain parts to produce gradual or total 
absorption and simulate such colors as blood red (Fig. 12.49) with con- 
siderable success. 
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THEORY AND PRACTICE OF PHOTOGRAPHY {B43, Al 5 ) 

Image Formation — Emulsions 

The production of a photographic image on a negative or paper is de- 
pendent on the formation of a latent silver halide image by a photochemi- 
cal action; the reduction of the latent silver halide image by a suitable 
developer to the metallic silver image; and the removal, by a suitable 
solvent or fixing agent, of the unaffected silver halide. The silver halide 
particles which are suspended in a gelatin emulsion are photosensitive, 
in that the particles which have 
been affected by light form a latent 
image and are sensitive to the action 
of the developer whereas those par- 
ticles which have not been activated 
by light are insensitive to the de- 
veloping agent. 

The size of the silver halide par- 
ticles, and the nature of adjditional 
components in the emulsion, such 
as photosensitizing dyes or thiourea, 
determine the density of the image 
which will be produced by a given 
light intensity under standard con- 
ditions of development. In Fig, 13.1 are given the density against loga- 
rithm of intensity (d/log 1) curves for two emulsion types. These curves 
will, of course, vary with different colors of light and developing con- 
ditions. 

Fig. 13.2 shows the effect of increased time of development on the den- 
sity of the image. A similar effect is shown in the change of tempera- 
ture on the density of the image. As can be seen in these curves and in 
Fig. 13.3 there is a certain intensity or time period over which there is an 
increasing rise of d with log I or log T. This is followed by a region in 
which there is a constant rise of density, and then this is followed by a 
region of decreasing rate of density increase. Eventually the rate of de- 
crease results in a maximum density which is followed by lower densities 
with a complete destruction of the latent image or reversal of the image. 

295 



LOG I 

Fig. 13.1. — d/log I curves for different 
emulsion types. 
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Th(.‘ most sutisfaft.ory porlioii of llio (U'lisily ciirvt', juul f lit' ono within 
which th(' exposure should ):«' mad<', is tlu; stmiftht-lirie portion of the 
r/ log I curve. If one extends this straight-line portion of the f/ log I (or 
log E) so that it meets the ordinate axis of zero density, the intensitv for 
constant time (or exposure time for constant intensity), which is indi- 



RELATIVE EXPOSURE 

Fig. 13.2. — Increase in gamma (slope of straight portion of d/log I curve") with 
increased development time (Agfa Super Pan Press Film). 

cated, is known as the inertia of the emulsion. In order to express con- 
veniently the rate of increase of density with the logarithm of the 
exposure, the term gamma ( 7 ) is employed. By definition, gamma is the 
tangent of the angle produced by extension of the straight-line portion of 
the sensitivity curve when it meets the axis of zero density. From Fig. 



Fig. 13.3. — Extended d/log I curve indicating normal expo.sure range, inertia (i), 
^amnia ( 7 ) (tan e or slope of normal exposure), and image reversal caused by over 
exposure with a destruction of the latent image. 

13.2 and other data it can be seen that the time of development, or tem- 
perature, directly influences the size of the gamma value for a given emul- 
sion. Short exposure and long development will result in a high gamma 
value; low gamma, or low contrast, values are produced by long exposure 
and short development. 

In order to repress ‘‘fog” in the developing process, it is customary to 
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add a small amount of potassium bromide. In the absence of bromide in 
the developer, the inertia of the negative or emulsion is constant for 
various times, but with the addition of bromides there is a depression of 
the inertia point to negative density'' values, which results, as indicated 
in Fig. 13.4, in an apparent increase in the inertia value, without a corre- 
sponding decrease in the gamma or contrast value. This means that weak 
exposures will produce little or no effect but exposures of normal intensity 
will produce nearly normal images. 

Emulsions designed to give the greatest possible contrast, such as the 
process plate, have a very limited range (about 1 to 4), whereas soft 
negatives such as a portrait panchromatic may have a range of 1 to 250. 
The greater range indicates a greater possible variation in exposure time 



Fig. 13.4. — Effect of added bromide 
on chloride emulsions. Note increase of 
inertia without loss of gamma. 



Fig. 13.5. — cf/log I curves for low, 
medium, and high contrast paper emul- 
sions. 


or light intensity which can be observed in different densities on the 
photographic plate. This latitude is generally much greater in negative 
emulsions than in paper emulsions (Fig. 13.5). 

Developing Process 

The developing process involves the use of a suitable reducing agent 
which will convert the latent silver halide to metallic silver, and the re- 
moval of the unaffected silver halide by a suitable solvent or fixing 
agent. As in the exposure of the silver halide, the development is pre- 
ceded by an induction period. This induction period has been taken as a 
means of calculating the proper developing time in accordance with a 
formula by Watkins: 


T = ir X Ta 

where T is time for the production of proper density, T,, the time for first 
appearance of the image, and W a constant for the developer (includiug 
developing temperature). This method of factorial development may be 
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roughly applied to the common metol-hydroqiiinone developer by the 
use of a factor 10 to 12 times the time of first appearance of the image. 

Nearly all the common developers contain, in addition to the organic 
developing agents, sodium sulfite or bisulfite, and sodium carbonate or 
hydroxide. The sodium carbonate or hydroxide acts as a solvent for the 
phenolic types of organic developers. With the introduction of basic de- 
velopers, such as paraphenylenediamine, it is possible to change the pH 
to a more nearly acid condition. The true action of the sulfite is somewhat 
uncertain, although there is some evidence of its acting in part as a re- 
generator of the organic developer after oxidation and as a stabilizer of 
the reducing developer to prevent oxidation by the oxygen in the air. 

For general spectrographic analysis it is suggested that the Eastman S3 
plates be used, and that development be made with an accepted metol- 
hydroquinone formula such as: 

AIetol-Hydroquinone Developer (Agfa 20) 


Hot water (52° C) 750 ml 

Metol (elon) 2 grams 

Sodium sulfite, anhydrous 25 grams 

Hydroquinone 4 grams 

Sodium carbonate, monohydrated 18 grams 

Potassium bromide 2 grams 

tYater to make 1 liter 

Do not dilute for use. 


Technique op Development 

In the development of the 33 plate in qualitative experiments and in 
manj^ of the quantitative measurements, it has been found that the M-Q 
tube developer is satisfactory (see page 237). Developing time at 70°F 
will be about 2 minutes. In all developing processes, including both 
plates and paper, care should be taken that the negative or paper is com- 
pletely and uniformly covered wdth the developing solution and that no 
air bubbles remain attached to the surface of the emulsion. If the tray 
of developer is lifted slightly on one edge so as to flow the developer to 
the other side of the tray and the negative inserted into the developer 
and the tray edge lowered, the developer will flow back over the negative 
to the other side. If the adjacent edge is now'' raised and lowered, the 
developer will flow at right angles to the first direction of flow and should 
completely and evenly cover the negative. Care should be taken not to 
touch or scratch the emulsion side and to hold the negative by the edges 
when it is necessary to handle it. 

After complete development the negative or paper is transferred to a 
short-stop tray which contains about the same amount of liquid as the 
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developer tray, 250 ml for an 8 by 10 inch tray. This short-stop for nega- 
tives and paper prints should contain about 2 ml of glacial acetic acid. 
More of the short-stop acid will be necessary for paper prints since it is 
designed to neutralize the carbonate or alkali from the developer before 
the print is introduced into the acid hypo or fixer bath. In the develop- 
ment of fine-grain negatives one may find the use of chrome alum short- 
stop of advantage (3 grams potassium chrome alum, 3 grams sodium bi- 
sulfite, 250 ml water). The negative should remain in the short-stop for 
about 30 seconds (paper prints about 1 minute) before being placed in 
the fixing solution. 

The fixing bath should be prepared according to the following direc- 
tions, dissolving the chemicals in the order given: 


Solution 1 

Water 2 liters 

Hypo (NazSsOs) 960 granu? 

Solution 2 

Water (52° C) 600 ml 

NaHSOs (anhydrous) 60 grams 

Acetic acid (28%) * 180 ml 

Potassium alum 60 grams 


Add solution 2 to solution 1, stirring rapidlj'. 

* 28% acetic acid can be prepared from glacial acetic acid bj’- adding 3 parts of acid to S parts of water. 

Negatives should remain in the fixer for at least 10 minutes after the 
last visual trace of silver halide has disappeared. Prints should fix com- 
pletely in 10 to 15 minutes. Agitation of developer and fixer is essential 
for even developing and fixing and is best accomplished by gentle rocking 
of the tray during the process. Agitation is more essential to development 
than to the fixing process. In the fi.xing of a number of prints one should 
move them about from time to time so as to avoid the stoppage of the 
fixing action which may be caused by two paper surfaces in contact. 

The completely fixed negative or print should be transferred to a wash- 
ing tray and washed in a slow stream of water at IS to 21° C (65 to 70° F) 
for 15 to 20 minutes. The use of water which is warmer than this temper- 
ature range may cause the emulsion to soften unless it has been previ- 
ously hardened. Colder water than this range will harden the gelatin and 
slow down the water penetration and thus necessitate a much longer 
washing period to remove all the hypo. After washing, the negative 
should be wiped with a soft, w’et viscose sponge or cotton pad so as to 
remove surface dirt; this is especially true if hard water is used and a 
scum of calcium salts forms on the film surface. For rapid drying, the 
plate may be wiped with a moist viscose sponge, from which nearly all 
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the water lui8 Ix'en i)r<*s.s('(l out. before it is ])hiec<l in tlu' (living- rack. 
Prints should be dried between blotters or on ferrot\^pe tins. The process 
in both methods of drying can be accelerated by an electrical drying unit. 



Fig. 13.6. — Wedge spectrogram indicating emulsion sensitivity (Agfa Ultra Pan). 

Sapeltghts 

The choice of the negative emulsion (Eastman 33) in the experimental 
section was based in part on its ability to be used with a No. 1 Wratten 
safelight and thus permit its development to be more easily observed in 
class or student demonstrations. One should be certain that the proper 
safelight filter for the negative or emulsion has been inserted in the safe 
lamp, and, in case of doubt, especially with the panchromatic type of 
emulsion, it is advisable to use no safe lamp but develop in total darkness 
on a time basis. In the preparation of a safelight filter one should re- 
member that many red dyes or filters transmit a considerable amount of 
blue or near ultraviolet and the apparent dark red color of a filter is not 
a guarantee that the filter will be suitable as a photographic safelight. 

The amount of light that can be safely permitted in the development 
of bromide enlarging paper is considerably greater than most workers 
are accustomed to use. As with photographic emulsions on film or nega- 
tive base, one must be certain that the safelight filter has a sufficiently 
sharp absorption band in the yellow’- and continues to absorb in the near 
ultraviolet. When there is doubt about the suitability of the safelight, 
the following test may be performed: cover half of a small piece of film 
or paper and expose the uncovered half to the safelight for a period of 
2 minutes (the usual developing time in front of the safelight). Then 
develop for 1 3 ^ to 2 minutes in darkness or with the emulsion side down 
in the trajn (N.B. : in normal development of films, plates, and paper al- 
ways develop with the emulsion side up in the tray.) If the exposed half 
turns graj’ the safelight should not be used wnth that emulsion. It may 
be that a lamp of lower wattage in the safelight will reduce the fog suffi- 
ciently to permit the use of a given safelight filter. 

Enlargements 

Enlarged prints for study or for reproduction purposes are best pro- 
duced by means of a contrast glossy bromide paper such as Eastman 
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News Bromide (Contrast) or Agfa Brovira (Single- Weight Contrast). 
The exposure for an enlargement should be controlled by the lens dia- 
phragm or by the time so that the developing time will be approximately 
13/2 to 2 minutes for the production of full-scale tones. For greater con- 
trast the exposure should be shorter and development time longer, or an 
extra amount of potassium bromide may be added and a longer exposure 
and development given to the print. 

An obj ection to the use of paper enlargement for the measurement of 
line positions arises out of the uneven shrinkage of a paper print after 
exposure and before measurement. A special type of photographic paper 
has been developed for the reproduction of maps by the enlarging process 
{Agfa Mapping Special) in which nearly all shrinkage has been eliminated 
by special treatment of the paper stock. This paper with a high-speed 
bromide emulsion is well suited for the production of spectrogram en- 
largements for line identification by direct measurement. 

For development of photographic enlargements the AI-Q tube dt‘- 
velopcr may be used, or the following formula is recommended {Agfa l.io) : 

STAND.A.RD BrO.MIDE P.\PBR DeVELOPER 


Slock Solution 

Metol (Eton) 6 grams 

Sodium sulfite (anhydrous) 88 grams 

Hydroquinone 24 grams 

Sodium carbonate (monohydrated) 130 grams 

Potassium bromide 4 grams 

Water 2 liters 


For use dilute 1 part of stock solution with 4 parts of water. 

Normal developing time, to 2 minutes at 21 °C (70°F). 

In the preparation of photographic prints it is recommended that the 
paper be handled with nickel, hard rubber, or wood tongs, care being 
taken that the developer tongs do not touch the hypo or short-stop solu- 
tions. The fingers are thus kept dry in the handling of the unexposed and 
exposed paper. 


Photographic Dark Hoom 

Fig. 13.7 is a dark-room plan which has been found to be satisfactory 
for routine analysis and group instruction (Fig. 13.8). Two safelights are 
provided, aSL-I and SL-2, so that bromide prints and negatives can be 
worked without the necessity of changing safelight filters. The safelight 
switches should be placed on the wall immediately above each light so 
that they can be easily reached and turned in the dark. The developer 
(D), short-stop (/S'), and fixer (F) trays are indicated in their proper 
order, with the final wash tray (TP) in the right -liand sink iSK). Immedi- 
ately above' the right side of the sink should be placed a paper-towel 
holder (T). It is desirable to keep a continuous flow of watei- in the sink 
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so that one can easily wash his hands and obtain a towel without touch- 
ing a faucet. It is particularly essential that hypo should not be spilled 
or dropped on the table or floor, and hence the hypo tray should be 
placed adjacent to the sink; the hand should be washed immediately 
whenever it has been in the hypo. Although it is possible to turn on the 
room lights about 1 minute after putting a print or negative into the 
hypo tray, one should avoid picking the negative or print out of the tray 
to examine it on account of the danger of dropping hypo. The best prac- 
tice is to let the negative or print fix in its normal reaction time and wash 



Fig. 13.7. — Photographic dark room showing (upper side) developer tray (D); 
short-stop tray hypo tray (if), wash tray (TF) (in sink); safelights (SL-l and 

)SL-2) with switches at side of each; sinks (d ^-1 and >iS'-2), (note cold [Fi], hot [F 2 .], and 
ice IF 3 ] water at >S -1 with mixing faucet to maintain uniform temperature of water 
at 65°-70°P); paper towel rack (T) next to sink. Above *S-1 are shelves for trays and 
developers; above $-2 are shelves for plates and absorption cells; (lower side) enlarg- 
ing machine for 10 inch negatives (LE), miniature (35 mm) film enlarger {ME), 
copy stand {C-B), plate drying rack {DR) and shelves for enlarging paper {PA). 
Below table tops on each side are shelves for developer's and special materials. 

it thoroughly before holding it up for close examination. The principal 
reason for this care with hypo is not on account of any corrosive action 
that hypo might have, but rather that hypo when it dries forms an efflo- 
rescent powder which will get into the air and will settle on negatives, 
plate holders, paper, and other apparatus that maj" come in contact 
with the sensitive emulsion, with resulting white dots or hypo marks in 
the final print or negative. 

Additional equipment in a dark room should include two enlarging 
machines; one for the reproduction of large portions of a negative and 
capable of taking a regular 4 by 10 inch negative; the other should be of 
the miniature (35-mm) type and capable of enlarging a small portion of 







Panchromatic 

Fig. 13.9. — Wedge spectra of photographic emulsions (Eastman Kodak [C 80 \). 
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a negative to 10 or more times. It has been found very convenient, and 
in hot weather almost a necessity, to have running ice water (supplied 
from a drinking-fountain cooling s^^stem) and an air-conditioning unit 
in the dark room. 

Special Plates and Emulsions 

For the study of certain spectral regions or for special problems in- 
volving speed or fine-grain qualities a wide variety of plates are avail- 
able. The Eastman 33 plates are not light-sensitive above about 550 m^t, 
and for observations above this limit orthochromatic or panchromatic 
negatives must be used, with the corresponding change in safelight or 
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Fig. 13.10. — Variation in chromatic sensitivity for panchromatic emulsion. 

complete elimination of a safelight and development in the dark on a 
time basis. Fig. 13.9 indicates the wedge spectra of some of the common 
types of Eastman emulsions. In Fig. 13.10 are given the d/log 7 curves 
for a panchromatic emulsion for four wavelength values. It should be 
noted that the negative indicated in this figure does not have a uniform 
spectral response, and this should be considered in the application of 
density calibration patterns on a negative as a means of obtaining relative 
line intensities in terms of an absolute standard. The theoretically correct 
application of a calibrated wedge would involve the illumination of the 
wedge photograph with appro.ximately the same wavelength of light as 
produces the line which is to be measured. The calibration pattern can be 
applied in this manner through the use of a Hansen step slit, a gradient 
or step absorbing wedge, or a rotating sector in front of the slit of the 
spectrograph. It would be preferable to illuminate the slit with a hetero- 
geneous or continuous spectral source, but a wide slit may be used with- 
out much distortion so as to produce a nearly continuous spectrogram 
from a line source such as an iron arc. 

Mees (C 80) has recently published (Fig. 13.11) information on a num- 
ber of special Eastman emulsions which have been prepared for spectro- 
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sct)pit‘ in(?asuivuuMits in tin* iiifraivd. The sensitivity of thes(' (‘imilsions 
extends the photo^Taphie range to about 1200 or 1300 in^u. 

Where high speed of emulsion or certain spectral characttnisties are 
desired one should consult the published data of the Eastman Kodak 
(hmpany and the Agfa Ansco ( "orporation (Fig. 13.6). For extremely 
high speed and fine grain, especial attention is called to the Agfa lltra 


EASTMAN SPECTROSCOPIC PLATES 



and Superpan Press films. Most of these special films reciuire time de- 
velopment in total darkness with special developers which are indicated 
on the package of film. 

Direct Positive Spectrograms 

As has been pointed out in the introduction (Page 5), there is a lack of 
agreement among spectroscopists as to the method of presentation of 
spectrograms in a publication. In many cases the publication of negative 
(N) spectrograms is avoided because of the necessity of making a negative 
from the original negative (N) spectrogram and making the positive print 
from this second negative. Direct positive paper and films are available, 
and their application to spectrographic work permits the direct prepara- 
tion of a negative print without going through the intermediate positive 
reproduction. While the reversal process is quite commonly applied to 
plates and films, it may also be applied to bromide paper emulsions or 
special Direct Positive Paper (Eastman). The process involves [a) expo- 
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sure, (5) development of negative, (c) bleaching of negative, (d) clearing, 
(e) re-exposure, (/) redevelopment, (g) fixing; and after each solution it is 
necessaiy to wash the print thoroughly. The entire process can be done 
in 5 minutes, and except for the care required in giving the correct initial 
exposure there are no difficult or troublesome steps in the manipulation. 
Specific directions for developers are usually contained in the packages 
of special papers prepared for direct positive printing. The papers pro- 
vided are sufficiently sensitive to use as enlarging papers, and quite 
satisfactoiy negative enlargements of negatives can be made by this 
process. 

Special emulsions are available for direct reproduction of negatives in 
a negative form. Nearly all the amateur motion-picture film is processed 
by this reversal method so as to provide a positive in place of a negative 
film. High-speed emulsions are available for this purpose, and it is pos- 
sible to use them directly in the spectrograph so as to obtain as the origi- 
nal spectrogram a positive rather than a negative, from which direct neg- 
ative enlargements can be made. Reversible film may also be used in the 
reproduction of negatives in a negative form as indicated above in the 
direct positive paper process. More satisfactory results can be obtained 
in the direct reproduction of negatives as negatives by the use of Agfa 
Direct Copy film. This film has been given a preliminary exposure such 
that the film if developed directly would give a maximum gamma. As can 
be seen in Fig. 13.3, the continued exposure of an emulsion will result in a 
destruction of the latent image. The exposure of this special film in the 
ordinary printing process results in a destruction of the latent image and 
by usual developing processes one obtains a negative copy of the negative 
or a direct copy of the original film. 

An advantage of this process over the use of an intermediate positive 
negative and such film bases as are commonly employed in commercial 
reproduction lies in the ability of the direct copy film to produce a gamma 
which is almost identical with the original negative so that relative line 
intensities will not be appreciably altered by this process. 
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EQUIPMENT AND ARRANGEMENT OF A 
SPECTROGRAPHIC LABORATORY 

Choice of Equipment 

In the organization of a spectrographic laboratory one should be 
aware of the fact that the expensive spectrographic instruments are 
usually of such a nature as to be permanent equipment, \yith careful and 
proper treatment, spectrographic equipment wull outlast the usual life 
span of the laboratory building or the workers who use it. The initial 
cost may thus be considered as an investment, w-ith the actual cost of the 
laboratory figured as the sum of the operation expense and a reasonable 
amortization of the investment over an extended period of time. 

The choice of equipment will naturally depend upon the funds and 
space available and the use which is to be made of the equipment. Since 
each will be a special case, one can only advise in a general way wuth re- 
gard to equipment and arrangement. For routine qualitative emission 
analysis on reasonably large samples the small t^pe (Fig. 3.4) should be 
satisfactory for those elements producing a relatively small number of 
spectrum lines (tin, lead, silver, zinc, cadmium, magnesium, aluminum, 
etc.). With an increase in the number of lines, either thi-ough the increase 
in the number of elements or the introduction of elements giving a larger 
number of lines (such as iron, cobalt, nickel, manganese, molybdenum, 
platinum, titanium, etc.), one must use higher resolution so as to separate 
the lines effectively for identification purposes. It is difficult, of course, 
to set any exact limits to the various instrument types. For example, if 
the amount of iron present in a zinc alloy is so low that only the persist- 
ent lines of iron are present, then high resolution and increased disper- 
sion are not essential. For the analysis of samples containing large 
amounts of elements producing a complex spectrum the minimum resolu- 
tion for identification purposes should be equivalent to that obtained on 
the medium spectrograph. For the examination of steels and similar 
compounds of elements producing complex spectra, an instrument of the 
Littrow type is recommended. 

The application of quantitative methods, either densitometer or loga- 
rithmic sector, will require about the same resolving power as is necessary 
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for the qualitative identification. If the amount of material available 
for examination is small, then high light-gathering power of the spectro- 
graph becomes an important factor. In general, the smaller spectro- 
graphs have greater light-gathering power, i.e., the ratio between the 
focal length and the lens diameter or prism aperture, and it would be a 
mistake to obtain a large Litirow type of spectrograph with the idea that 
the larger the instrument the more delicate or sensitive \^^ould be the 
photographic response to traces of the unknown. Quartz prism instru- 
ments are dependent upon the available supply of natural quartz crystal, 
\vhich is certainly limited in amount. The difficulty in obtaining highly 
transparent quartz crystals free from twinning and other defects, and of 
sufficient size for use, is one of the factors which markedly affects the 
sale price of the finished instrument. 

Improvements in recent years in the ruling of gratings on glass and the 
application of aluminum reflecting films to such surfaces have increased 
the accessibility and usefulness of gratings. Although the majority of 
present-daj'- spectrographic instruments are of a prism type, there can be 
little doubt that we are passing through the prism era and approaching a 
grating era. Replica gratings can be produced in plastic material, and 
for many purposes adequate dispersion and resolution can be obtained 
from these casts taken from a master ruled grating. The gratings pro- 
duced by Professor R. W. Wood of Johns Hopkins University are of an 
unusually high quality, the technique of ruling being developed to such a 
degree that it has been possible to rule a grating which will concentrate 
the majority of the spectral reflection in a given order and on a given 
side of the normal. The accuracy with which new types of organic plastics 
can be cast into prism, lens, and grating form, without distortion, will 
undoubtedly open the way for the production of spectrogi’aphic instru- 
ments, of both prism and grating type, at a considerably lower cost, pro- 
vided that sales will be sufficient to justify quantity production. Several 
grating instruments are now available in a convenient laboratory form 
including original and replica grating dispersion parts (Baird, Hilger, 
Central Scientific, and Dietert). The optical principle of the grating 
instrument does not permit the use of a Hartmann diaphragm or loga- 
rithmic sector at the slit. The optical system can be altered, however, so 
as to permit the use of a logarithmic sector or a wedge for supv, imposed 
spectrograms. 

In the field of absorption spectra analysis, instruments for visual 
color analysis should be considered separately from ultraviolet equip- 
ment. The manually operated types, such as tln^ Bauscdi and Ijomb, 
Hilger, Gaertner, or Konig-Martens, are particularly useful for color 
control and quantitative application to colorimetric reactions. The much 
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(‘Xi)('iisiv(‘ Jlardy-Generul Elet-trit* .s])c<*troph()| onictci- is inon* 
rapid and accuiate than the manually operated types. 

Ultraviok't spc'ctrophotometers for the determination of alisorption 
spectra are available Irom most of the concerns which specialize in spec- 
trographic equipment. Some of these are of a diaphragm type (Hilger- 
Spekker, Hilger-Judd Lewis, and Kipp and Zonen), some are of a sector 
type (Bausch and Lomb, Hilger, Zeiss, and Gaertner), and others are of 
a polarizing type (Bellingham Stanley, Jobin and Yvon, Schmidt and 
Haensch). 

Most of these instruments are designed to be used with spectrographs 
of the same manufacture although they can usually be adapted to other 
makes of spectrographs. It is essential in both emission and absorption 
apparatus that the alignment and adjustment should be simple to main- 
tain and operate, and for this reason most of the instrument -makers are 
producing instruments with an optical bench for light sources and pho- 
tometers attached as an integral part of the spectrograph. 

No definite recommendations can be made in a general textbook as to 
any one make or type of instrument since so many factors must in- 
fluence the choice. The production of properly ground prisms, slits, 
gratings, and lenses, like that of other fine optical instruments is an art 
requiring unusual skill, and, hence, the number of producers of satisfac- 
tory spectrographic equipment is limited. Nearly all of them maintain a 
competent staff of technicians to aid and advise with respect to required 
equipment for a given problem. If one is planning to establish such a 
laboratory, the advice of research or academic workers connected with 
universities, government laboratories, or private research and testing 
laboratories should be sought. 

The concerns producing spectrographic equipment for omission and 
absorption analysis include: 

Adam Hilger, Ltd., London, England (Jarrell- Ash Compan3', Boston, 
and A. H. Thomas Company, Philadelphia, American agents). 

Bausch and Lomb Optical Clompany, Rochester, N. Y. 

Carl Zeiss, Jena, Germam'- (American office, New York). 

Gaertner Scientific Company, Chicago. 

Jobin and Yvon, Paris, France. 

Franz Schmidt and Haensch, Berlin, Germain'. 

Kipp and Zonen, Delft, Holland. 

R. Fuess, Berlin, German^'. 

Bellingham Stanlexq London, England. 

Spencer Lens Company, Buffalo. 

Central Scientific Company, Chicago. 

Baird Associates, Cambridge, Mass. 

General Electric Company, Schenectacty, N. Y. 

H. W. Dietert Company, Detroit (Applied Research Laboratories). 

C. A. Steinheil Sdhne, Munich, German^x 
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Suggested equipment and approximate cost : 

(a) Rough qualitative measurement of the visual spectrum (direct- 
vision hand or table spectroscope of either prism or grating type, 
using a flame, arc, or spark source). Cost, $5 to S50. 

(b) Accurate visual spectrum measurement (spectrometer with 
suitable light sources). Cost, $50 to $400. 

(c) Ultraviolet spectrum photography (small spectrograph and 
suitable sources). Cost, $400 to $700. 

(d) Ultraviolet spectrum equipment for quantitative analysis and 
more accurate qualitative analysis (intermediate type of spectro- 
graph). Cost, $500 to $1,200. 

(e) Ultraviolet spectrum equipment for quantitative and qualita- 
tive of all types of samples excepting those with an extremely large 
number of lines (medium type of spectrograph with suitable light 
sources, logarithmic sector, etc.). Cost, $1,200 to $2,400. 

(/) Ultraviolet spectrum equipment for qualitative and quantita- 
tive analysis of substances containing elements producing a large 
number of lines (Littrow-type spectrograph with suitable light sources, 
logarithmic sectors, etc.). Cost, $2,500 to_ $5,000. 

(g) Rough visual qualitative absorption analysis (hand or table 
grating or prism spectroscope). Cost, $5 to $50. 

(A) Accurate visual quantitative absorption analysis (visual spectro- 
photometer, including spectrometer, photometer, and suitable light 
sources and cells). Cost, $1,200 to $2,500. 

(i) Automatic photoelectric measurement of visual absorption 
spectrum (recording instrument). Cost, $3,000 to $6,000. 

(j) Minimum equipment for ultraviolet qualitative absorption 
measurement (small spectrograph with suitable tubes arid light 
sources) . Cost, $400 to $700. 

(k) Minimum equipment for quantitative spectrographic analysis 
in the ultraviolet (intermediate spectrograph and ultraviolet photom- 
eter, cells and light source). Cost, $1,200 to $1,600. 

(Z) Equipment for general quantitative ultraviolet absorption spec- 
trum analysis (medium spectrograph and ultraviolet photometer, cells, 
and light source). Cost, $2,000 to $3,000. 

Assembly and Design of Laboratory 

The spectrographic laboratory should be carefully planned so as to be 
efficiently operated and capable of being kept in continuous operating- 
condition. Such a laboratory is usually a show place in either industrial or 
research organizations, and some thought should be given to protection 
of exposed wires and suitable locking nuts or covers for exposed adjust- 
ment screws and slit mechanism. If adequate ventilation is provided over 
arc or spark sources there should be no trouble from fumes, but if the 
laboratory is subject to fumes the slit mechanism should be protected 
and the plate holder or a dummy kept in the rack in the instrument. The 
maintenance of a well-polished laboratory not only creates a good impres- 
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sion but is essential if accurate analyses are to be made for elemental 
traces. 

The design of modern spectrographs does not require their operation in 
a dark or poorly lighted room, and except when certain focus adjust- 
ments are being made there is no reason why the laboratory should not 
be reasonabl}^ well lighted. For adjustment purposes one may find it 
convenient, however, to have placed adjacent to each spectrograph a 
switch to turn on or off the room lights, and some means of reducing the 
window light should be provided. In the location of spectrographic 



equipment, one should remember that almost all spectrographs, includ- 
ing both Cornu and Littrow types, are as>mimetrical in construction 
and operate from one side only. One should therefore consult photo- 
graphs or drawings of the proposed instrument before committing oneself 
on the laboratory arrangement (Fig. 14.1). Where the analysis equip- 
ment involves the photographic process, a dark room should be provided 
as suggested in Chapter XIII. It is preferable to have a separate room for 
plate reading, in which suitable tables; charts, plate-reading boxes, and 
densitometers or projection devices can be operated or used. This same 
room, which can be darkened, can be easily adapted for visual spec- 
trophotometric equipment. 
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Personnel 

The person in charge of the spectrographic laboratory should have a 
thorough and intimate knowledge of the operation, adjustment, and 
calibration of the equipment under his direction. Although a course in 
spectrographic methods and in theoretical spectroscopy may be of con- 
siderable assistance in the solution of problems which are submitted, it 
is only by continued study and actual laboratory manipulation that one 
becomes adept at the rapid identification of lines or the matching of 
beams. A considerable amount of spectrographic analytical work is of a 
routine character and can be delegated to a laboratory assistant who has 
not had any special training in this field of analysis. The interpretation of 
results, however, should be attempted only by those who have a thorough 
knowledge and appreciation of the significance of the data obtained. 

Library Facilities 

Spectrographic analysis is largely dependent upon adequate library 
facilities in the form of comparison negatives of known elements, stand- 
ard photographic and printed charts (see Chapter IV) , a satisfactory set 
of spectrum-line tables, and a number of standard reference works in 
spectroscopic and related fields. In general, these tables, charts, and 
plates form an integral part of the spectrographic laboratory and should 
be kept in the plate-reading room or spectrographic laboratory rather 
than in the library of the laboratory or institution. Special mention 
should be made of the spectrographic publications of the firm of Adam 
Hilger, Ltd., which has specialized for several generations in the produc- 
tion of spectrographic equipment and the dissemination of information 
concerning its use and application. Under the guidance of the managing 
director, Mr. F. Twyman, F.R.S., the company has published spectrum 
tables, translations of important books on spectroscopy, and numerous 
original contributions to the field of spectroscopy, and it provides 
an abstract service on articles of a spectrochemical nature. As has been 
mentioned elsewhere in this book, it has prepared numerous spectrum 
charts and has undertaken to produce and dispense special electrodes 
for control analysis. 

The scientific and technical papers from the Bureau of Standards, 
especially those by Meggers, Kiess, Coblentz, and Gibson; the Proceed- 
ings of the annual conferences on spectroscopy, held at the Massachu- 
setts Institute of Technology under the direction of Professor G. R. 
Harrison; and the general reference books and periodicals dealing with 
spectroscopy should be available in the library of the laboratory or 
institution. 
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Opekation of the Laboratoey 

The use of the spectrographic equipment should be strictly limited to 
those workers who have been properly trained and have the permission 
of the director of the laboratory to make the desired observations. It is 
desirable to retain in the laboratory all record sheets and plates, both of 
which should be filed for future reference. A duplicate copy of the data 
sheet and a print of the negative may be submitted with the analytical 
report if they are requested. Since special projection devices, viewing 
boxes, charts and tables are required for the proper interpretation of 
most analytical spectrograms, it should be quite obvious that the plate 
records must be kept where they can be easily read or the reported re- 
sults rechecked if necessary. 

Standard data sheets, with serial numbering, should be used for re- 
cording spectrograms, and great care should be exercised to see that each 
negative is numbered to correspond to the data sheet and that the indi- 
vidual spectrograms on the negative are properly recorded on the data 
sheet. Duplicate analyses should be made whenever possible, and the 
amount of unknown and exposure so regulated as to insure satisfactory 
sampling of the material. 
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Ni II 

Cd I 

As I 

Co II 

92.1 
2712.4 

69.7 

73.4 

80.2 

80.5 
'95.5 

Ru II 

Ru II 

Te I 

Hf II 

As I 

Bi I 

Mg II 

72.9 

82.2 

92.7 

92.9 
'93.1 
'94.2 

3102.3 

Hf I 

A1 I 

A1 I 

A1 I 

V If 

Cb II 

V II 

82.9 

83.8 
'92,0 

96.8 
97.0 

3403.7 

'04.6 

Ag I 

Ti II 

Zr II 

Rh I 

Lu II 

Cd I 

Pd I 

11 . 5 
'48.6 

49.8 

78.6 
'82.0 

83.3 

Sb I 

Be I 

As I 

Co II 

Fe II 

Te I 

2802.7 

09.6 

'16.2 

20.2 

30.3 

33.1 

Mg II 

Bi I 

Mo II 

Hf II 

Pt I 

Pb I 

10.7 

18.4 

25.3 

'30.4 

30.8 

31.1 

II 

II 

II 

Be II 
b II 

Be II 

06.7 
'14.8 

21.2 

'34.9 

36.7 

37.1 

Ta I 

Ni I 

Pd I 

Rh I 

Ru I 

I 

88.9 

95.6 

97.1 

Te I 

Co II 

Fe II 

W II 

'35.6 

40.0 

43.3 

48.2 

Cr II 

Sn I 

II 

Mo II 

34.7 

63.4 

75.1 

83.4 

Hf II 
lb II 

Sn I 

V I 

38.2 

52.3 
'53.5 

65.8 

II 

B II 
lo I 

Co I 


The most persistent lines are indicated by a 

prime (') mark. 
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TABLE I (Continued) 

Persistent Lines by Wavelength 
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Wavelength 

(angstroms) 


( Wavelength 
(angstroms) 


j Wavelength { 
j (angstroms) 



The most ’persistent lines are indicated by a prime (0 mark. 
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TABLES AND CHARTS 
TABLE II 

Persistent Lines by Elements 

{A71, C63, C40, A36, A22, A40) 


1600 A to 9000 A 


Element 

Wavelength 

(angstroms) 

Element 

Wavelength 

(angstroms) 

Element 

Wavelength 

(angstroms) 

Element 

Wavelength 

(angstroms) 

A I 

6963 . 4 

Bi I 

'3067.7 

Cr II 

2849 . 8 

Hf II 

2641.4 


7067.2 

Br II 

4704.8 


2855.7 


2773.4 


7503 . 9 


4785.5 


2860.9 


2820.2 


S115.3 


4816.7 

Cs I 

4393.2 


3134.7 

Ag I 

'3280,7 

C I 

'2478.6 


4555. 3 

Hg I 

'1849.6 


3382.9 

C II 

4267.0 


'8521.2 


2536.5 

Ag II 

2246.4 


4267.3 


S943 . 6 


3650.2 


2437.8 

Ca I 

'4226.7 

Cu I 

'3247.5 


3654.8 

AI I 

3082.2 


4454. S 


3274.0 


3662.9 


3092.7 


4455 . 9 

Cu II 

'2130. 0 

Hg II 

1649 , 8 


3092 . 9 


4456.6 


2192.3 


1942.3 


3944.0 

Ca II 

'3933.7 


2247.8 

Ho I 

3748.2 


'3961.5 


3968.3 

Er I 

3499. 1 


3891.0 

A1 II 

1671,0 

Cb I 

'4059.0 


3692.7 

Ho ir 

2936.8 


1856.0 


4079.7 


3906.3 

I I 

1782.9 


1858.1 


4101.0 

Eu I 

4129.7 


2062.1 


1862.5 


4123.9 


4206.0 


5161.2 

Al III 

1854.7 


4137.1 

Fe I 

'3719.9 

In I 

4101.8 


1862.9 

Cb II 

'3094.2 


3737. 1 


'4511.3 

As I 

1889.9 


3130.8 


3745.6 

Ir 

2849.7 


1936.9 


3163.4 


3745.9 


2924.8 


1972.0 


3195.0 


3748.3 


'3220.8 


2388. 1 


3225.5 

Fe II 

'2382.0 


3437.1 


2349.8 

Cd I 

'2288.0 


2395.0 


3513.7 


2780.2 


3403.7 


2404.9 

K I 

4044.2 


2860.5 


3466 . 2 


2410. 5 


4047.2 

Au I 

'2427.9 


3510.5 


2413.3 


'7664.9 


2675.9 

Cd II 

'2144.4 

Ga I 

4033.0 


7699.0 

B I 

2496.8 


2265.0 


'4172.0 

Kr I 

5570.3 


'2497.7 

Ce II 

4012.4 

Gd I 

3646.2 


5870.9 

B II 

3452 . 3 


4040.8 


3768.4 

La I 

5466.1 

Ba I 

5424.6 


4165.6 

Ge I 

2651.2 


'5930.6 


5519.1 


4186.6 


2651.6 


6249.9 


'5535.0 

Cl I 

4794.5 


3039.1 

La II 

'3949.1 


5777.7 


4810.0 


3269.5 


4077.4 

Ba II 

'4654.0 

Co I 

'3453.5 


4226.6 


4123.2 


4934 . 1 


3465.8 

H I 

4861 . 3 

Li I 

3232.7 

Be I 

'2348.0 


3529 . 8 


6562.8 


'6707.9 


3321.0 

Co II 

'2286 . 2 

He I 

'3888.6 

Lu I 

4518.5 


3321.1 


2307.8 


5875,6 

Lu 11 

2894.0 


3321.4 


2378.6 

He II 

1640.5 


3472.5 

Be II 

'3130.4 


2388.9 


468.5.8 


3554.4 


3131.1 

Cr I 

'4254.3 

HI I 

2898.2 

Mg I 

'2852 . 1 

Bi I 

2061 . 7 


4274.8 


2904.4 


3829.4 


2276,6 


4289.7 


2916.. 5 


3832 , 3 


2780,5 


5204.5 


2940,8 


3838.3 


2809.6 


5206.0 


3072,9 

Mg II 

'2795.5 


2898.0 


5208-4 


4093.2 


2802 . 7 


3938.3 

Cr II 

'2835.6 

Hf II 

2513.0 

Mn I 

'4030.8 


2989.0 


2843.3 


2516.9 


4033 . 1 


The most persistent lines are indicated hy a prime (') ma^-h. 
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Element 

Wavelength 

(angstroms) 

Element 

(angstroms) 

Element ^avdength j 
(angstroms) | 

Element 

Wavelength 

(angstroms) 

Mnl 

4034.5 

Pd T 3634.7 

Sc I '3911. S 

Ti 11 

3372.8 

Mn ri 

'2576.1 

Pd II 2488.9 

Se 11 '3613. S 


33S3.S 


2593.7 

2498. S 

3630.8 

TI I 

3775.7 


2605.7 

2505.7 

3642.8 


'5350.5 

Mo I 

'3798.3 

2658.7 

Se I 1960.2 

U I 

3552.2 


3864.1 

2854.6 

'4730.9 


3672.6 


3903.0 

Pr I 4062.8 

4739.1 


4241.7 

Mo II 

'2816. 2 

4179.4 

4742.3 i 

V I 

3183.4 


2848.2 

4189.5 

Si I 2506.9 


3184.0 


2871 . 5 

4225.3 

2516.1 


'3185.4 


2891 . 0 

Pt I 2659.4 

2528.5 

V 11 

'3093.1 


2909.1 

2830.3 

'2881.6 


3102.3 

N I 

'4100.0 

2929.8 

3905.5 


3110.7 

N II 

5666.6 

2998.0 

Sn I 2840. 0 


3118.4 

N III 

4097.3 

'3064.7 

2862.3 


3125.3 

Na I 

3302.3 

Ra I '4825.9 

3009.1 

W I 

'4008.8 


3302.9 

Ra II '3814.4 

3034.1 


4294.6 


'5890.0 

4682.2 

3175.0 


4302.1 


5895.9 

Rb I 4201.8 

3263.3 

w ir 

2397.1 

Nd I 

3951.2 

4215.6 

4524.7 


2589. 2 


4177.3 

'7800.3 

Sr 1 '4607.3 


3613,8 


4303.6 

7947.6 

4832.1 

Xe I 

4501.0 

Ne I 

5400.6 

Rb I 3323.1 

4872.5 


4624.3 


5832.5 

'3434.9 

4962.3 


: 4671.2 


6402.3 

3658.0 

Sr II . '4077.7 

y I 

1 4643.7 

Ni I 

'3414.8 

3692.4 

4215.5 


1 '4674.8 


3493.0 

Ru I 3436.7 

Ta I '3311.1 

Yb I 

1 3289. 4 


3515.1 

'3499.0 

3318.9 


! 3694.2 


3524.5 

3596.2 

3406.7 


! 3988. 0 

Ni II 

2253.9 

Ru II 2678.7 

Tb I 3509.2 ‘ 

yt II 

( '3710.3 


2264.5 

2692.1 

3561.8 


i 3774.3 


2270.2 

2712.4 

3848.8 i 


1 37SS. 7 


'2287.1 

2976.6 

3874.2 j 

i Zn I 

1 '2138.5 

Os I 

3262.3 

S I 1807. 4 

Te I 2142.8 


1 3282.3 


3267.9 

1820.5 

2530.7 ! 


i 3302.6 


3782.2 

4696.3 

2769.7 j 


! 3344.5 

P I 

1774.8 

9212.8 1 

Th I 3538. S 

Zu II 

i '2025.5 


2149.8 

9228.2 

3601 . 1 


2061.9 


2536.4 

9237.7 

4019.1 i 

1 Zr I 

I '3519.6 


25.54.0 

Sa I 4390.9 

Th II 3290.6 


I 3547,7 

Pb I 

'2170.0 

4424.4 

Ti I 3635.5 


1 3601.2 


2833.1 

4434.3 

3642.7 


i 4687. S 


36.39.6 

Sb I 2068.4 

1 '3653.5 

1 

i 4710.1 


3683.5 

2175.9 

4981.7 

.1 

i 4739.0 


4057.8 

2311.5 

4991.1 


1 4772.3 

Pb II 

1682.4 

2528.5 

4999.5 


■ 4815. ti 


'2203.6 

2598.1 

5007.2 

ij Zr 11 

; '3392.0 

Pd I 

'3404.6 

3232.5 

5014.3 


i 3438. 2 


3517.0 

3267.5 

Ti II '3349.0 

j| 

i 3496,2 


3609.6 

So I 3907.5 

3361.2 


3572.5 


The rno 

si persistent lines are 

indicated by a prime (0 viark. 
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TABLES AND CHARTS 
TABLE III 

Principal Lines by Wavelength 

{A4I, AlO, A59, A23, AS6, A27) 

Wavelength values are given to unit angstrom values only; those elements with the same unit values 
are placed on the same line in the order of their occurrence, with a dash ( — ) to indicate the 0.5 angstrom 
position. If no dash appears, alt the values are greater than 0.5. 

To indicate intensity of lines the following notations are used: 

Bold face tSTje (Ba) indicates intensity 10 to 8 inclusive. 

Normal type (Cs) indicates intensity 7 to 5 inclusive. 

Italic type (Sn) indicates intensity 4 to 2 inclusive. 

The nonmetala and gases, He, Ne, A, Kr, O, N, Cl, Br, F, S, Se, H, and some of the rarer elements 
have been omitted from this table. (See Tables V and VI for spark spectra in air and principal lines by 
discharge spectra.) 

For more complete tables see Kayser’s “HauptUnien” (.A41) or Harrison’s “100,000 line table" 

27) 


Wave- 

length 

Elements 

! 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

2000 

Cu— 

2110 

Bi(R)— 

2165 

Cm(R)— A s Co Fe 

20 

Fe 

11 

Pb 

66 

Ag Fe Fe 

23 

PI 

12 

Pb Cu—Ca II 

68 

Tl I (R) 

25 

P I— 2e II 

13 

Aa — Sn(R) Ag 

70 

Pb(R)— 

28 

Mg l—Zn 

14 

Fe 

71 

Fe Sn(R) — 

32 

PI 

15 

Pb(R)— 

75 

P5(R) Sb I (R) 

34 

PI— 

17 

1 Sb— 

76 

Bi(R) 

35 

Ca — 

20 

Ag— 

78 

Fe— Cu(R) 

ss- 

Se— 

21 

Sn(R)— 

79 

Sb{R)Cu~ 

39 

Cr— 

24 

Si I (R)— 

81 

Cu(R) 

40 

Se“--CcE 

26 

Cu— 

83 

As — 

44 

Au — 

27 

Sbl 

85 

Ag 

53 

Sn 

32 

Bi(R) 

86 

Co 

54 

Hg— 

33 

As 

89 

Bi(R) Cu 

61 

Bi(E.) Zn II 

34 

Bi(R)- 

91 

Fe 

63 

Sn Se Fe 

35 

Cu 

92 

Cu— 

64 

Zn II— 

36 

PI— P I 

94 

3n(R) 

65 

Cr — 

37 

Sb— 

96 

Fe — Co 

68 

S6(R)— Sn 

38 

Zn I (R) 

97 

Ca II 

72 

Sn(R) 

39 

Fe8'5 

99 

Nn(R)— Fe 

74 

Se 

41 

Sn(R)— .S’6 



75 

In— 

43 

Te(R)— 

2200 

Cu(R)F(;— Fe Ca I 

79 

Sb 

44 

.4s Cd II (R) Fe— 

01 

Sb— 

SO 

Sn — 

45 

Sb—Ag 

02 

Ag — 

SI 

Te 

47 

Te— 

03 

Sb Bi—Pb 

84 ■ 

Fe— 

48 

8m(H) 

04 

Al I (RJ 

88 

Pb(R)- 

49 

PI 

05 

-4 s — 

91 

Sn(R) 

51 

Sn(R)— Fo 

06 

As- 

93 

Fe 

52 

Bi(R) 

07 

ti I (R)— Co 

96 

8n(R)— 

53 

Ri(R) P I 

08 

Sb Ca II 'J'f 

98 

Sb— 

54 

Cr PI 

09 

.S’n(R) 



56 

Bi(R) 

10 

AZI(R)Cu— 77(R)8iI 

2100 

Zn II Sn(R) 

57 

Cr 

11 

.Si I 

03 

Call— 

59 

S6— P6(R) Fe 

12 

Co— 

04 

Cw(R) 

60 

T^ 

13 

Fe Co 

05 

Co— 

62 

Cr 

14 

Bi — Cu(R) Ba 

06 

Fe — Co 

64 

Si(R) Se— 

15 

Cu{R) 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (— ) = 0.5A: no dash indicates greater than 0.5A 
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TABLE III (Coutimied) 

Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

2216 

Ba Si I 

2292 

Fe 

2368 

Jr— Fe II 

20 

Sb 

93 

S6— Cu (R) 

69 

Al II— As(R) Cu I 

21 

Fe— 

94 

Cu—Cd II 

70 

Fe As (Rl 

22 

Sb— 

96 

Pd C 

72 

Al I Pd—Ir 

24 

JBi—Hgll Sb 

97 

Fel 

73 

Baku (R) Al I (R)— 

25 

Cu(R) 

98 

Fel— 


Fe S6(R) Fe II 

27 

Cu(R) 



75 

Ag— 

28 

Bi(R) — -4s Cu 

2302 

Pd—Ni 

76 

Au — 

29 

Fe — Ag 

03 

Si Cu — 

77 

Pt— 

30 

C'w(R)— Bi I (R) 

04 

Ba II (R)— 

78 

Hgl All— Co 

31 

Fe— Sn(R) 

06 

Sb(R)— C'd(R) 

79 

Fe—Tl I (R) 

37 

P5(R)— T1 1 (R) 

07 

Co 

80 

Sn(R) Fe 

38 

Cwl (R) — 

08 

Pt— 

81 

As I (R) — Jr Dy 

39 

Cd(R) 

09 

Pi— Ag(R) 

82 

Fe II— 

40 

Fe 

10 

Fe 1—Pt Ni I (R) 

83 

Fe Te(R) Co—Sb(R) 

42 

Cuir 

11 

Sb I (R) 


Ft 

43 

Y— 

12 

m I (R)— 

84 

Mn Ti— 

45 

Fe Ba 

13 

Fe I— 

85 

r— Te(R) 

46 

Sn(R) Ag — Zn Pb(R) 

16 

TII(R) Ni— 

86 

Rh Co"-^ 

4S 

Ag Fe 

17 

Ag Ni I (R) Sn(R)— 

87 

Au 

49 

Fe— 

19 

Cu 

88 

Fe P6(R) Co 

51 

5n(R)— Fe 

20 

Nil(R) Ag— 

89 

lal(R) Fe 

53 

Fe— P6(R) 

21 

Mn mi(R)—AllI 

92 

La — Cu 

54 

Ba 

25 

Ag—Mn iVi I (R) 

93 

Zn Pb(R) 

55 

Te(R) Fe 

27 

Fe 11— 

94 

Ni 

58 

Al I— 

29 

Cd{R)— 

95 

Sb Fe—Ye II 

59 

Te(R)— 

31 

Ag— 

97 

W— 

60 

Hg II C7u(R)— Fe 

32 

Pb(R)— Y Fe II 

98 

Ca I (R) 

62 

Hg—Sb 

33 

Bi 

99 

In 1 (R) Fe Hg I 

63 

CuCR) Al I (RJ— 

34 

Rh 5n(R) 


— P6(R) 

64 

Fe- 

35 

BalKR)— * 



65 

ed II (R) Fe— Te(R) 

38 

Fe — 

2400 

Cu—Ta Bi(R) 

66 

Fe 

40 

Pt In I (R)— 

01 

Pt Pb{R) 

67 

Fe Sn(R) Cd(R)— Fe 

43 

Fe II 

02 

Ru 

68 

S«(R) 

45 

Ni 1 (R) 

03 

PtiR)— 

69 

Al I (R) Al I (R)— 

47 

Ba II 

04 

Pe— Fe II 

71 

As — 

48 

Be I (R) 

06 

Fe Cm 

72 

Fe 

49 

As I (R) 

07 

Co I (R)— Pm 

73 

Ni 

50 

Be 

08 

Sn(R)— 

74 

Fe— Cs Co 

51 

Fe Hf— 

10 

Fell 

75 

Ca I (R) 

52 

Am 

11 

Fe— Co I (R) P6(R) 

76 

Fe I Cu I— lii I (R) Co 

54 

r— Sn(R) Fe 

13 

Ag Fe— 

79 

Ni Fe 

56 

Cu Dy 

14 

Co I (R)— Pd 

80 

Fe— 

57 

Pt(R) — Sn Afir 

IS 

Col (m—Rh 

82 

Sn — 

59 

Fe— 

16 

Ni— 

83 

Au—Co 

60 

Fe II— 86 

17 

Ge — Co 

86 

Co—Sn{H) Cu 

61 

Y 

18 

Pt Ti—Rh 

87 

Fe— Fe 

62 

Fe— 

20 

Y—Rh 

88 

Cd I (R) As I (R) Pt— 

63 

Ir—Co 

21 

Ti— Sn(R) 

89 

Fe Sb— 

64 

Am Fe 

22 

Sb Y—Dy 

90 

Ni— Fe 

66 

Fe 

1 24 

Ti Pd— Co I (R) 

91 

Fe— 

67 

Al I (Rj — 

25 

Li I (R) 


Intensity (Ba 10 to S; Os 7 to 5; Sn 4 to 2). {—) = O.oA; no dash indicates sreater than 0.5A. 
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TABLES AND CHARTS 
TABLE III (Continued) 
Principai. Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

2426 

S5(R)— P6 

2488 

Mn Pel— Os Pt W Pd 

2541 

Ti Co 

27 

Rh ir— Au I (E.) 

89 

W Bi— On Fe I 

42 

Zr Ye Zn I— Os Mn 

28 

Sr I (R) 

90 

Pel Rh 

43 

Ru — Fe Ir 

29 

Sn(R) Ag 

91 

Fe I— Zn I 

44 

Au — Fe Pd Cu 

30 

Pd 

92 

Cu(R)— 

45 

Sc ll—Rh Fe I 

32 

Co I (R)— 

93 

Znl Til (R) 

47 

y 

33 

Pd Bi— 

94 

Be—Rh Be 

48 

Mn 

35 

Si I (R)~ 

95 

Sn(R) Pt 

49 

Fel 

36 

Pt(R) 

96 

Fe Pd B(R) 

50 

Ir 

37 

Ag Ni 

97 

B(R) Ge 

52 

Pt Sc II— Tl I (R) 

33 

Si By 

98 

Ru — Pt Ru Pd Fe 


Tl I (R) 

39 

Pe Zn I 



53 

Cdl 

40 

P/(R) — 

2500 

Oa(R)— 

54 

Pl—Sb 

41 

Pd(R)— Cu(R) 

01 

Pel— 

55 

Rh—P I Sc II 

43 

Pe 

02 

Zn 11— Ir 

56 

Mn Mn 

43 

Sil—PHR) Pe 

04 

Rh— 

57 

Zn 11 

44 

Rh~ 

05 

Rh—Pd Pt 

58 

Sn — Rh 

45 

Sb I (R) 

06 

Co—Ag Si I (R) 

59 

Co— 

46 

Pb(R)—IIg I 

07 

Ru — Fe 

60 

In I (R) By Sc II— 

47 

Pe I Ag Pd(R) 

08 

Pt 

62 

Li I (R) Fe ir 

48 

Bi— 

09 

C— 

63 

So II Fe II— Mn 

49 

Zr 

10 

Au Rh Fe I Ni 

64 

Co Ir — 

50 

(7a(R) Ti—Pt Pt 

11 

Co(R) — 

66 

Pell 

52 

M.n II (R) 

12 

C Pe— /r 

67 

Rh—Zt Zn I A1 II (R) 

53 

Ag Pe — 

14 

Si I (R)— 

68 

Ru Zr 

55 

Sn — Ru Rh 

15 

Pt—Pt Bi(R) Zn I 

69 

W—Sr I (R) Pd Fe Pe 

66 

Ru — A4(R) Ru 

16 

Si I (R)— Hf 


Zn I (R) 

57 

Zr — Fe Pd 

17 

Tl I (R)— Pe Ce(R) 

70 

Pe Pe 

58 

Rh 

18 

Fel— 

71 

Ti Lu Zr W— Sn(R) 

60 

In I (R) Hf— K 

19 

Si I (R)— 

72 

Mn 

61 

Rh 0s~ 

20 

Rh Ti 

73 

C'dII— 

62 

Fe I— Fe I 

21 

Co I (R) In I (R) — 

74 

V Sb Pe Co(R)— Co 

63 

Rh 

22 

In 1 (R) Pe 

75 

A1 1 (R) Al I (R)—Ag 

64 

Hgl Co- 

23 

Pe Sn(R) 


Mn Pe 

65 

pe— 

24 

Si I (R) Fe I— Bi(R) 

76 

Mnll (R) Hgl— Pc Pe 

67 

Pt(R) — 

25 

Ti 

77 

Pb(R)— Pe II 

68 

In I (R)~re 

26 

V— 

78 


72 

Fe— Fe I Pe I 

27 

Mn Fe I— 

80 

Tl I (R) Co— 

73 

Pe—Ag 

28 

Ti— Si I (R) Sb I (R) 

82 

Pe— Zn I (R) Pe II 

74 

Sb Fe 


Co I (R) 

84 

Cb Mn—Fe 

75 

Lil(R) Rh Ir— 

29 

Fe I— Fe I Ti 

85 

Tl I (R) Fe ir 

76 

P6(R) Pd(R)— Pe 

30 

Te 

87 

Co—Fe 

77 

Ag— 

31 

Sn Ti— 

SS 

Fe— 

78 

Sb—C II Ru 

32 

Zr— 

89 

ZrGe IF— 

79 

Znl Pel 

33 

Ge — Fe 

90 

Au — Os 

80 

Sb— 

34 

Ti P I Hg I (R) 

91 

Ru Ru—Pe I C'r(Hj 

81 

Lu Sb 

35 

Ag — Fe I Ti 

92 

Ir Mn — Ge Pe Mu 

82 

Hg I— 

36 

P I P^— Hg I (R) 

93 

Mn II (R) Na 1 (R) 

S3 

Fe(R) Sn(R)— Pe 

37 

Fe— 


Na 1 (R) 

84 

Fe I— 

38 

Oa Tl 1 (R) Mo— 

94 

Sn(R) — 

86 

Pe— Pe 

39 

Pt — Mn Rh 

95 

Mn 

87 

Pe Pi(R) Fe—Rh 

40 

Hff(R)— Fe I 

96 

Pt— Ti 1 Ba 1 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than 0.5A. 



PRINCIPAL LINES BY WAVELENGTH 
TABLE III {Continued) 
Principal Lines by Wavelength 


335 


iVave- 

length 

Elements 

Wave- 

length 

1 

Elements i 

i 

Wave- 

length 

Elements 

2598 

Sb 1 (R) Fe II— TF 

2656 

! 

Fe V—Ta ! 

2706 

Fe V— Sn(R) Fe V Fe 

99 

Fe II— Fe Ti I 

57 

Lu i 

08 

,I/n — Fe Ra 



58 

W Pt—Os Pd 1 

09 

Fe TI I CK)— Ge 

2600 

Dy— 

59 

Pt(R)— Ga i 

10 

In I (R) Mn—Fe 

01 

In I CR) 

60 

A1(R) Cdl Ag—Mo 


TI I (R) 

03 

Pt Rh— 

61 

Ru Sn(R) rCR)— Pu 

11 

Fe Fe 

05 

Ti I— Mn II (R) 


Ti Ir 

12 

Ag Cr Ru — Zn I Cd I 

06 

Ag Rh — Fe 

62 

Ir Fe 


Ir 

07 

Fe II— 

63 

P6(R) Cl — Co 

13 

Pt Mn I— In I (R! 

08 

Ir—PeZnl (R)T1 I 

64 

Fe W — Fe Ru Ir | 

14 

V Fe II— To Fe 


(R) 

65 

Til 

15 

Rh—V Co 

09 

Ru—T I (R) 

66 

Cr Fe — Fe Fe Fe 

16 

Fe— 

10 

Mn La — Fe I 

67 

Zr 

17 

Mo Ru—Fe 

11 

Ti I (R) Ti I— Fe II 

68 

Mg I Eu—Cr II 

18 

Fe— S6(R) 

12 

S6(R)— Fe 

69 

W—Fe Ti Mg I 

19 

Pt(R) Fe Fe— Ru Ga 

13 

Lu—Rh Pb{n) Fell 

70 

Znl Sbl (R) 

20 

Fe— Fel 

14 

Pb(R)— /Iff Fe Sb 

71 

Rh—Cr II Ir Cb 

21 

Ag Cb 

15 

Lu — 

72 

V— Mg I Cr II Mo 

22 

Zr IT Cr 

17 

Fe II 

73 

Cb Ir 

23 

r— Fel 

IS 

Fe Mn Cu(R)— Fe I 

74 

Pt 

24 

Fe Fe 

19 

Fe Lu—Pt Ti I 

75 

AuI(R) Co 

25 

Ru — 

20 

W Fe II— Fe 

77 

Pt(Il) Cr(R)— CdIV 

26 

Fe3/nl FeZr— Cr(R) 

21 

Fe II 

78 

V Zr Ru Cr 

27 

Sb(R) Cr Fe — Fe Eu 

22 

RhUi 

79 

Fe V— Mo Ti 

28 

Fe — V Fe Fe Rh Lu 

23 

Fe 

80 

Na I (R) Na I (R) Fejl 

29 

Eu— Pt 

25 

Rh—Fe Fe II 


—Rh 

30 

Bi(R) Fe Fe 

27 

Pt— Bi(R) 

81 

Fe 

31 

Co— CrtR) 

28 

Pt(R) P6(R) Fe II— 

82 

S6(R) V 

33 

Ti— A/ff I Fe I Cd I 

29 

Cd I— Fe I 

83 

V Mo— 


PttR) 

30 

Fe—Zr 

84 

Mo Zn I— Fe 

34 

Fe Fe Ru Pi — Mg 

31 

Fe II Si I Fe— Ti I 

85 

Ta Co— 


Zr 

32 

Fe Ti I— 

86 

Ru—Rh Rh 

35 

Fe I— Fe Ru 

34 

Ba II Dy 

87 

Cr— V 

36 

CrdD—Mgl Fell 

35 

Ta Ru Fe Pd 

88 

Cr—Au V Ti 

37 

Fel Rh—Fe 

36 

Fe— 

89 

Fe— Os Fe V 

38 

Pt— 

37 

Os— 

90 

Fe I V— V 

39 

Ru Ba Er — ^Fe 11 

38 

Eu Mo 

91 

Cr Ge— 

40 

Ge Co — 

39 

Pt— Cdl (R) Ir 

92 

Ru jS6(R) Ir — Fe 

41 

Li I {K)—Rh 

41 

Til Eu C Ba II— -In 

93 

Cr Mg I 

42 

Fe I Cr II Fe I Ti 


Fe - Hf. 

94 

Ir Rh—Fe Co 


Fe I— y Zr 

42 

Ru Rh 

95 

Fe Mg I— Fe Co 

43 

Fe II— Fe Cr II Zr 

44 

Fe Os Ge Ti I Mo— 

96 

Fe Ce Fe— Bi(R) 

44 

Fe I— Fe 

45 

PI— 

97 

Fe Cb—PbiB) IF Cr 

45 

As I (R) Co— Zr 

46 

Ta .1/0— Ti I Pt(R) 

98 

Mg I To Pt— 

46 

Fe II— .Vi I Fe II 

47 

Ba II Hf Ta—Fe 

99 

Fe— 

47 

C II— Pt 

48 

Co Rii 



48 

.4 OCR) CrCR)— Cdll 

50 

Be— Pb Pt(R) Be 

2700 

Zr— Au V 


Ta Cr II 

61 

Ce Ge — Ge Fe Ru 

01 

Ru Mo — Mn. Lu Eu 

49 

Fe Fe I Fe—Ta 

52 

Hg I (R) A1 I (R)— 

02 

V Pt(R)— Bal Ru 

50 

Fe I— Cr II Fe. 


Sb (R) Rh 

03 

Rh Mnl 

61 

Cr II 

53 

Ta—Crll //ffI{R) 

04 

Fe— Os(R) 

52 

Zr— To Ru /Iff I 

55 

Hg I {R)—Mn 

05 

Rh Hf Mn Pt(R) 


Cr(R) 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (—1 = 0.5A; no dash indicates greater than O.oA. 
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TABLES AND CHARTS 
TABLE III {Coniinucd) 
Principal Lines by WAVELENm-H 


Wave- 

length 

Elements 

Wave- 

length 

Elenieiits 

Wave- 

length 

Elements 

2753 

Fe—Fe Ft In I (R) 

2800 

Zn I (R)— Zn I (R) Ir 

2851 

Ti Sb Cr— Mg I V 

54 

Fe I Lw— Ge Pt 

01 

Mn I (R)— 


Fe 

55 

Dy Fe II 

02 

Znl(R) Pb(R) Ta— 

52 

Mg I (R) Dy—Na I 

56 

Fe I Fe I Zn I (R)— 


Ti Mg II (R) 


V 

57 

CrlR) Fe Ti— Cr II 

03 

Pt— Hfl I 

53 

Na I (R) Pt—Fe 

58 

Ti Ta— 

04 

Fe 

54 

Ru Y—Pd 

59 

Fe 

05 

W 

55 

V— Cr II 

60 

Y— 

06 

Os Fe 

56 

Rh— 

61 

Co—Fel Fe 

07 

Pd Mo 

58 

Fe—Fe I 

62 

Fe I—Cr II Fe 

08 

La Pt — 

59 

V 

63 

Pd(R) Fe Ru— 

09 

Bi(R) 

60 

Ru As I — Rh Cr Os 


Cd 1 (R) 

10 

Ru V Ti — Ru 

61 

Ru — 

64 

Cd I (RJ Co W Fe— 

12 

Cr — Sn Mn 

62 

Cd I Ti—Fe Cr II Rh 

66 

Co Cu I— Cr II (R) 

13 

Fel Afn— Sn(R) Ra 

63 

Sq(R) Fe—Bi{B.) Ir 


Pt Fel 


Eu 


Fe I 

67 

Fe I R}i TI I (R) 

15 

Co 

64 

V— 

68 

Rh—Cul Ru Wm 

16 

Mo Dy — 

65 

Fe— Ni I 

69 

Fe Fe— Te Fe TF(R) 

17 

Fe 

66 

Hf— V Ru Fe Ir 


Ft CriR) Sb I (R) 

18 

ir(R) Pt Ru— 


Cr 11 

70 

Zn I (R) W(R) 

19 

Rh— 

67 

CrII 


Zn I (R) 

20 

Hf— 

68 

V Cdl— 

■ 71 

ZnKRl Ball—Rh 

21 

Ni I— 

69 

Fe I— Zr 


Pi(R) 

22 

Cr—Mn W 

70 

Mn Cr II Pt—y 

72 

Fe Fe I It — Dy Pt 

23 

Ir Pb(R) Fe— 

71 

Rh — Mo Ru 

73 

Fe m—Pt 

24 

Cu Ag Ir — 

72 

Fe— 

74 

F(R) W(R)— Fel 

25 

Fe Fel 

73 

Pb(R)— Aff Rh 


Jr 03 

26 

TI I (R) Rh—Rh 

74 

Fe I Ga(R)— Os 

75 

Cd I In Mo— I t 

27 

Rh — Ru Fel 

75 

Ru Fe Cb — Jr Zr 

76 

W Mg I (R) 

28 

Ti—Fe 


Cr II 

7S 

Rh Cr Fe Fe I 

29 

Oe — 

76 

Cb 


Mg I (R)— Fe 

30 

Pt(R) Cr—Mn 

77 

Fc Ti — Jr Dy 

79 

Fe— Sn(R) Mg I (R) 

31 

W— Fe 


Sb I iR) 

80 

Mo As I (R)— Bi(R) 

32 

Ti Fe — 

78 

Rh 


Fe Cr{R) 

33 

Pb(R) Ir Ce— 

79 

IF(R) Cr(R) TF(R) 

81 

Znl Mg I (R)— Fe I 

34 

Pt 


Ir— 

82 

Mg I (R) 

35 

Fel— Crll(R) Fe 

80 

V—Fe Cd I (R) 

83 

Rh — Fe 

36 

Mn Jr— Ra C II 

81 

Cd I (R)— Si I (R) 

85 

Mo Sn(R) Y It 


Cd I (R) In 

82 

Ru Rh—N Ir Cu 


Bal— 

37 

Th—C II 

83 

Cb Au—Fe 

87 

Ru Sn Fe 

38 

Fe Oa — Os 

84 

Ti— V 

88 

Fe— 

39 

Ir— Sn(R) 

85 

Du Da , — 

89 

Fe 

40 

Cr It Fe I — 

86 

Rh Y Co — Ru Mn 

90 

Mall 

41 

Rh Ti 

87 

Cr(R)— Fe 

91 

Rh Ce—Fe 

42 

Rh— 

88 

Pt— 

93 

Pt—Ge 

43 

Cr II (R)— Zr Fe Fe 

89 

Rh CrII m—Mn V 

94 

Pt(R)— Mn I (R) 

44 

Rh Os — Zr 

91 

Mo Ti II— V Ta A u 

95 

Mg II (R) 

45 

Fe 

92 

Mn V Fe—Ku V 

96 

Rh Lu 

46 

V Mgl 

93 

Da Pt Cr(R) V— 

97 

It — Fe 

47 

Lu Hg II 


Hg I Pt 

98 

Mg II Ir Mn I (R)— 

48 

Mo Mgl — Fe V 

94 

Mo — Fe Lu 


Nil Bi 

49 

Ir CrII 

95 

Fe Til— 



SO 

Ta — Sn(R) Os 

96 

H/(R) V W{R) Cu—Ce 


Intensity (Ba 10 to 8-, Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5 A; no dash indicates greater than O.5.V. 
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TABLE III (Coni}.}iw<i \ 


Principal Lines bt Wavtclength 


Wave- 

length 

Elements 

Wave- i 
length i 

Elements 

Wave- 

length 

Elements 

2S97 

7r— Cb Pt Bi (R; 

2944 

Ga Fe WCR) — TII 

2994 

CrCR) Fe I (R.i 

98 

Cr As I (R) 


Pt 1 


I NilfR)— CbCa 

99 

V Cb Pe— V 

45 

TI I—Ru ! 


1 Ru 



46 

W(R) Ir Ru 

95 

Cr(Ri — 

2900 

Lu — 

47 

W— Pfi Fel 

96 

Jr Pe— Cr(R,i Y 

01 

Fe—Fe 

48 

Os Ti Dy Y Fe — 

97 

Ca I Cu— W Pt(R) 

03 

Mo V~V 

49 

Mn II— Em 

98 

Cr(R) 

04 

y—ir 

50 

F^Cb 

99 

Gd Pe— Fe Cal 

05 

Zr— Cr(R) Pt Au 

51 

Ir — Lu 



06 

V Dy V— Eu 

52 

VII— 

3000 

Pe— Ti Cal CrCR) 

07 

Mn Ir V II— Pe Pt 

53 

Fe~Fe II Fe I 


Fel 

08 

Cb— V(R) Ta 

54 

Ru — 

01 

v~ 

09 

Cr{R) Os Mo— Jr 

65 

V 

02 

Ir Pt Ni I CR)— 

10 

V Rh V— Cb Cr(R) 

56 

Ti— Ti 


Pd(R) 

11 

V II Cr(R) Lu— Mo 

57 

In I Fe I— V 11 1 

03 

Fe I— Ni I (R) Ir Zr 

12 

Ti Fe I Pt~Rh 

59 

Pt— Pe 1 

04 

Rh— 

13 

Zn Sn(R) Pt Au 

60 

Eu — Pt 1 

05 

Cr(R)— 


Cr(R) 

61 

Cu Cd I— i 

06 

Ru Ca I 

14 

Rh—Mnl V 

62 

Os Oa — ^Zr V Ir • 

07 

Pe Pel— 

15 ■ 

Mg 

63 

Ta Lu — Au i 

08 

Fe— 

16 

Zr Ru Ir — 

64 

Cu Er—W y 1 

09 

W Fe Sii(R) Ca I— 

17 

0$ — Os 

65 

Fe Ta Ru Fe I — 


Fel Pd 

18 

Fe Zr TI I (R)— 


Ru Ti 1 

10 

Gd— Cu 

19 

Y Pt— Pu Hf Os V 

66 

Fe I (R) i 

11 

Ta Fe—Zt 

20 

V II— Pe 

67 

Ti Hg I tR)— CrfR) i 

12 

Ni I CR)— Ta Hf 

21 

Pt— TI I (R) 

68 

V— Rh Zr i 

13 

Cr(R) Oa V— Co I 

22 

Pd(R) 

69 

Fe Fe I — Lu 


Cr(R) 

23 

Rh Fe Mo—V Fe 

70 

Pel Am— Pell ! 

14 

Cr(R) Cr(R) 

24 

V II— V II Ir 

71 

Cr(R)— Cr ; 

15 

Cr {R)—Fe 

25 

Ta Fe Hgl—Mnl 

72 

Cb i 

16 

V W~Dy 


Fe 

73 

Pel Pel Am— 

17 

Ce Ti Ru Os Co I Ir 

26 

Fe n 

74 

Ch V— F Ir ! 


TF(R)— CrCR) Fel 

27 

Zt—Co Cb 

75 

V Cr(R)— V 

i 

Pt 

28 

Pt Ti—Mg II 

76 

V--V Ru Ce 

IS 

Os Zn I — CrCRl 

29 

Fe I Fe—Co Hf 

77 

V Rh 


Cr(R) Fel 


Pt(R) 

! 79 

Ru Cr W Ru 

; 19 

1 Xi I Jr Sc I— 

30 

Mo Os Pt V II 

HO 

Fe Cdl (R) Ir Cr(R)! 

1 20 

’ Ir Fe— Ga Lu 

31 

Os—Sr I Rk 

SI 

F Cd I (R) Pe I— j 


i Fel(R) CrCR) Pd 

32 

Au-— In I (Hi 


Ni I Pe ! 

: 

i Fel (R)— JJffl (R) 

33 

Mnll— Ti Ta 

83 

Rh Ti— Pe I (R) 


j Cm Cr(R) 1' Pd 

34 

Mo V II— Dy Ir 

84 

Mil F— Pell 1 

1 22 

i F— Cm 


IT(Rj 

85 

Cr Zr— Pe II Jr 

i 

j Hg I— 

35 

V 


CV(R) Dy CrtR) ■ 

1 

1 Fel CrCR)— IT 

36 

Mg II Ir Mg I F<- I 

86 

Rh Cr(R)— EA | 


Bi(R) 

37 

Ti— V Fe 

87 

Co I (R) Fe I— Si I : 

i 25 

' Pe Fe I Er 

38 

Bi(R)— Mgl Af/(R) 

88 

Cr(R) Ru i 

j 

\ Fe I— 


Ft 

89 

Bi I (R) Cr Lu- - 


1 Gd PdCR) 

39 

Mn li- 


Co I CR) 

! 28 

■ Zr Rh Cb— 

40 

ra Mn I—Fe 

1 90 

Cb Fe—Aa I 

29 

' Cr(R) Au Jr— Zr Ti 

41 

Fe 1— Cb 

91 

Pe Cr{R) 1 


Sb I CR) 

42 

Mgl V(R)— Pt 

1 92 

A' I (R)— Nil 

: 30 

: Fe Cr(R)— Os 

43 

Ir V— Ga Xi I 

93 

BilCR)— ! 

i " 

i Pe— Fe I 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (— ) = 0.5A; no dash indicates greater than 0.5A. 
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TABLES AXD CHARTS 
TABLE III (Coniinued) 
Prixcipal Lixes by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

3032 

Pd— Cb 6Vi(R) As I 

3076 

Bi I Jr Gd 

3120 

V(R) Crll Pe— Ir 


Gd 

77 

Os Ta Os — Lu Os 

21 

Co I (R) Co I (R) RhZ-, 

33 

Au Hv. — V 

78 

Fe Ta Pe— Ti II Tb 

22 


34 

Gd Sn(B.) Cr(R) 

79 

Pt Mn 

23 

Ti— Rh 


Co 1—Kl (R) Bi 

80 

Z,u— Ni I Hf Cd I 

24 

Ru — Ge Ta Crll 

35 

Zn I (R) 

SI 

Mn Lu 

25 

V II— Hg 1 (R) Fe I 

36 

Cu Pt— K 

82 

Gd All (R)— 


Zrll Ru 

37 

Cr(R) Fe I— Ni I (Rj 


Co I (R) 

26 

Cu Fe V II— 

39 

Ge{R) Ir In I (R)— 

S3 

Jt— P el Rh 

27 

Cb 

40 

F«— Cr(R) Ir Os 

84 

Pt Ho—Pt 

28 

Jr— Cu Y 

41 

Fe Mo Fe I IF(R) 

85 

Ta 

29 

Zr Pe— Zr II Y 

42 

Fel To. Col— 

86 

Ru Jr— Co I (R) Y 

30 

Ag V II Be II Rh 


Pt(R) Jr Fe I 

87 

Rh—Mo V 


Cb Ti 

43 

F(R) Mn J)2/— F(Il) 

88 

Jr Ti II Tb— 

31 

Be II Os— Hg I (R) 

44 

Co I (R)— Mn F(R) 

89 

Ru Ti— PS Col Ru 


Hg I (R) 

45 

Ni I Fe — Ru 

91 

Mgl(R)— Pel Y 

32 

Cr II— Mo I (R) Ru 

46 

TF(R) Pd— Ti Rh 

92 

Mo— Al I (R) Al I (R) 

33 

Cd I Ir V II Zr— iVd 

47 

Jr— Fe I 


jVd 

34 

Nil(R) Fel— F 

48 

V Ru—Ry. To Co 1 

93 

Mgl(R) FII— Ta 

35 

y Dy— 

49 

Er Ir — Ta TF(R) 


Cu 

36 

Sm — F Ru 

50 

Al II Cr- Ni I (R) 

04 

Cb — 

37 

Rh Co I (R)— PA 


F(R) 

95 

Zr Ta—Y 

38 

Zr II 

51 

Ce 

96 

Ru Mg I (R) 

39 

Pt— Tb Co I(R) 

S3 

Fe V— Tb Cr(R) 

97 

Ni I Ti— 

40 

Cu Pe — Ru 

54 

Ni I (R) Mn Er—Al 

98 

Fe— 

41 

Du Er—Ti Pt Sn 


Zr Ru 

99 

Ag Zr Ru— Pe I Cu 

42 

Cu Fe—La Pd Fe 

55 

Fe Pt — Cb 


Pel 

43 

Ti Fe 

56 

Ru F(R)— Lu 



44 

Ru Fe — 

57 

Al II Fe I— Ni I (R) 

3100 

Fe I Jr— Gd Fe I Ru 

45 

Gd Cb Gd— Ni I 

58 

Ti— Os 


Pt 

46 

Ce— Cu Gd 

59 

Fe I (R) Ti II— Pt Al 

01 

Ni I (R) Ni I (R) Gd 

47 

Tb Co I (II) Cr 11— 

60 

Co F{R)— Pfi 

02 

P I (R) Kl (R) 


Rh 

61 

Jr— Co I 


V II— Rh Gd Tb 

48 

Ti Mnl—Tb 

62 

Ain — 

03 

Ta Ce— Pt Ti 

49 

Co I (R)— IF 

63 

Ce Cu — Ta Dy 

04 

La Rh 

50 

Rh—Er Ca I 

64 

.41— Jr Cb Ni I 

05 

Ti Ni I— 

51 

F Fe Rh— 


Pt(R) Ru 

06 

Ti Zr 

52 

Ti II— Rh Os Co 

65 

Sc Pd(R)— 

08 

Th—Cn 

53 

Fe—Os Ru 

66 

Mn Al Ti II Ti II 

09 

Hf Pd Os— 

54 

Ti II Fe Er—Co Co 


F(E) Fe- 

10 

Ti Mn V H 

55 

Ti 11 Rh 

67 

es V Pe Fe I Rh— 

11 

Eu— F 

56 

Os Fe — Gd Pt 


Bi I (R) 

12 

y Mo— 

57 

Fe—Fe 

68 

Fe Ru—Gd Ir 

13 

Co— Pr 

58 

Mo(R)— Co I (R) 

69 

Tb Ta— V 

14 

Jr Pd(R) Ni I r— 


Call 

70 

Tb Mn~Er 


Ir Rh 

59 

Ir— Co I (R) Ru 

71 

Ti— Bal (R) Pt Col 

15 

Ta 

60 

W—Yq 

72 

Zn I (R) Ti II 

16 

Cu— Fe I 

61 

Mn I Ti ir Cd— Ti 11 


Co I (R)— Ti ir 

17 

Au— Ti 



73 

Mn Ru—Cu F(R) 

18 

Ru V II (R) Lu— 7/0 

02 

Ti II Dy 

74 

Oa Mg — 


Or II Ru 

63 

Cb— Pr 

75 

Pd Ti II V As I 

19 

Fe As I Ba Tb Ti 

64 

Zr— 


A''d— Fe I Zn I (R) 


Pt Ti 

65 

Zr— Pe Zrll 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (— ) = O.oA; no dash indicates greater than 0.5.A 



PlilA'CIPAL LINES BY WAVELENGTH 339 

TABLE III {Contmiied) 


Phincipal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

i 

length 

Elements 

3166 

Fe—Ro 

3215 

Ca I Dy Sm—Cb La 

3257 

Fe 

67 

Er— 

16 

Ru Dy Fe Y II Fe 

5S 

.1/71— In I (R) Pci (R) 

68 

Co Pr — -Ti II Ru Ir 

17 

Ti II K I(R) Nd V Fe 

j 59 

Pt 

69 

Co Co Dy 


Cr—K I (R) Ni 

60 

Fe Mn Ru— Ch Co (R > 

70 

Ta Mo I (R) — 

IS 

Ti II Ir—Sn Tb Pd 

61 

Cdl (R)— Ti Pt 

71 

Fe Lu— Ce(R) Ho 

19 

Co I — Fe Fe Tb 

1 * 62 


72 

Fe Pi— 

20 

Pb Er Ir 



73 

Y—Fe Ho 

21 

Ce TA— Dy .Vi I (R) 

63 

Rh V Cb— 

74 

Co 

22 

Fe— Ba I Ti H 

64 

Fe Mn Co I 

75 

Sn(R) Fe—La 

23 

Ru Er Cu — Ta 

65 

.4u Fe Co(R)— Fe 

76 

Pb 

24 

Ti II— Co Cu Mn 


La II 

77 

Ru Co — Jr Dy 

25 

Ni I (R) Cb— Fe Ca I 

66 


78 

Fe Os— Mnl Fe 

26 

Dy Ru — Co(R) 

67 

Er Sb I (R)— V Os 

79 

Ca II Y U~Rh 

27 

Fe II Fe 

OS 


SO 

Th Fe— Th Cr Fel 

28 

Mn Fe—Ru Ti Zr Fe 

69 


SI 

Ca 11— Cb Fe Er 

29 

Fe Ti II Ta Ir Fe 

71 

Fe V J; — Rh N' Ti 

82 

jh'e Co — ZtT 


Ti II— TI I (R) 


Co (R) Zr 

83 

VI (R)— Sm VI(R) 

30 

Fe Fe Pt — Sm .4w 

72 

Ti Zr Ce— 

84 

Fel 


Mn Ir Er Fe 

73 

Zr II Ru Sm — 8c I 

So 

ErVl (,R)—Rh 

31 

Cu — ^Zr 


Cu I (R) 

86 

Ru Ti I (R)—Fe 

32 

Jr Er Os Ti II— 

74 

Tb— Ru Ca I 

87 

V 


Sb I (R) Li I (R) 

75 

Os Nd— 

SS 

Th Ru Co — Fe Fe 


Ag Hi I (R) 

76 

V Fe— 

89 

Rb — Ru 

33 

Fe Pt— Fe 

77 

Jr Co — Rii Eu Os 

90 

V Ti 

34 

Zr Ce— Ti II (R) 

78 

Ho Ti — Fe Co Ti Lu 

91 

Rh Zr 7— Fe Lu Zr 


Fe Ni I (R) 

79 

Ho Zr II Er—Cu. V 

92 

Ti I (R)— Fc 

35 

Co Cu Dy 

SO 

Er Fe Tb — Rli.(R) 

93 

Eo ir Fe I Fe—Dy 

36 

Pel CA— Till Mn 


Ag I (R) y 


■Fe Mol (R) 

37 

Co I Mn— BA V Er 

SI 

Tb— RA Lu Ba I Pt 

94 

Cu Hf Fe—Au Ce 

38 

Ru 


Ho 


Cb 

39 

Ti H (R) Fe—Sm Ti 

S2 

Zn I (R) Ti— r Cu 

95 

YII 

40 

Pt Pb Jr Mn—Mn 


Fe 

96 

Ru Fe 

41 

Zr Ru— Ir Ti II (R) 

83 

Tb V Co(R) Cb— 

97 

Cr Rh Nil— 

42 

To Y II— Pd(R) 


RhlR) Co 

98 

V(R) Lu— Ir 

43 

Hi I (R) Cu— .Hw 

84 

Fe Zr Ru 

99 

Fe I rb Ti I (R) 


Co(R) 

85 1 

Tb Nd Ce Fe- 



44 

Fe 

86 

cal Er—Fe Er Nil 

3200 

YII Fe— Hr Pt 

45 

La— 

87 

Co Pd— Jr Ti Fe Er 

01 

Cc 

46 

Fe 

89 

Mo Rh Er Ho— Rh 

02 

V(R)— Ti Fe 

47 

Co{R) Fc— Cu I (11) 

90 i 

Pt— Cu Fe Mo Fe 

03 

Y II— Ti 

48 

Fe — Mn Ti 

92 

Fe Ti— Fe 

04 

Pt— .17/ 

49 

Er La — Co I 

03 

Tb— Cu(U) 

05 

Ir Er Fc— %• 

50 

Pt—Fe Nil F 

94 

Tb Ru Rh 

06 

Cb— 

51 

Fc D2/— Pd(R) F Ti 

96 

Ru—Rk 

07 

V— 


II Pt 

98 

Sm Fe— Co Cd 

08 

Er Cu Fe~Dy Mo 

52 

F— Cdl Till FeMn 



09 

C’r Fe-^ I 

53 

Fe Hf 

330(} 

Nd Rh— 

10 

Co Fe-Fe 

54 

Cb Co(R) Ti ri Lu 

01 

Os R.U Sr I Pt 

11 

Fe—Fe 


Fe Sm Ir—Ru Ru 

02 

Pd{R) Ha I (R,)— 

12 

Fe V Fe— Eu Mrx 

55 

Pt 


Znl (R) Na I (R) 

13 

Fell Ni— Jr 

56 

In I (R) Mn Mo 

03 

Zn I (R) La II— Er 

14 

Fe Zr Ti Rh Er—Ti 


Et — Os 

! 05 

Zr Dy — Fe 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (— ) = O.oA; no dash indicates greater than 0.5A. 
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TABLES AN'D CHARTS 
TABLE IH {Continued) 
Principal Lines by Wavelength 


Wave- 

length 

Elements 

! 

Wave- 
1 length 

Elements 

Wave- 

length 

Elements 

' 3306 

Ru Zr II Fe Sm - — 

3350 

Ca I Pr Gd— 

3386 

Nd— 

07 

Sm Co Fe — Sr I Cu 


Rb I (R) 

87 

Fe — Ti II Os Zr 

08 

.-1«— Ti II Dy 

51 

Sr I (Rl— Ta Fe Fe 

88 

Nd Co I (R) Zr— F 

09 

Ti 

52 

Dy 

89 

Er Fe 

10 

Fe — Fe Ir 

53 

Dy Sc 

90 

Hg Co— 

11 

Ta~ 

54 

Fe Co I (R) Zr Cu~ 

91 

Ni I (R)— Lu Zr II 

12 

Lu Ir Co Er- Dy 


Y Tif 

92 

Er Th Fe ^ — Ru i'e 


Nd 

55 

Fe—Pr 


Ni I CR) 

13 

Mn~Un 

56 

Zr Fe Co — tim Ba I 

! 93 

Zr—Tb Dy 

14 

Pr Mn Ti— Zr Fe 

i 57 

Zr II— 

94 

Till Fe Pr 

15 

Pt— Ni I (R1 

! 58 

Mo I Ti Cb— Cr II 

95 

Co I (R)~ 

16 

Mn Ru Er — It 


Ta Gd y 

96 

Zr— Pd Rh(R) Br 

17 

Dy Pe Cu IMn — 

59 

Ru Dy Fe I — Lu 


Pel 


Ta 


Sc II Ir Rh 

97 

Lu F Bi I (R)— 

18 

Ti II— Ru Ta 

60 

Cr— Rh Ir 

98 

To— Ho 

19 

Zr Co Co — Cu Co 

61 

Ti II (R) Sc II Mo— 

j 99 

Fe Zr 11— Rh Hf Gd 


Dy 


Ni I (R) Ta Ca I 



20 

Au Ni I CR)— iV/n Ba 


Sc II Y 

3401 

Fe I Ru Ir Er Os Pt 

21 

Be I Be I— T’ Ti 

62 

Ru Rh Gel — 

02 

Ctii Fz rt— Os 

22 

Co Sr I Ni 1—Fe Ir 

63 

Mo 

03 

Cr— Cdl(R) Zr 


Ir Ti II (R) 

64 

1- 

04 

Fe— Pd Cm Zr 11 

23 

Zr Rh(R) Er— Fe Pt 

6o 

Cu— V Ni I (11) Sm 

05 

Co I (R) Bi—Nlo I 

24 

Tb— Fe 

66 

Ni I (R) Sr I— Ce Er 

06 

Rh Ta Fe Mo Ta 

25 

Ru Co Fe — Mo 


Fe Fe 

07 

Dy Fe— Cd Dy 

26 

Ti II Zr Co 

67 

Pt Co I (K)— 

08 

Ir Dy Pt — -S ot Cr 

27 

Mo I— Y 

! 68 

CrII Er Rh Ru— Ir 

09 

Co I (R) Ru— Ni I 

28 

Nd— Fe 


Sell 

10 

Nd Zr 11 Ho— Ho 

29 

Ti II (R)— Mg I 

1 69 

Ni I (R) 

11 

Ru 

30 

iSr— Sn(R) Mn 

70 

Ti I (Kl— Fr Os Fe 

12 

Rh Co I (R) F— 

31 

Rh Rh Gd~ 

71 

Jr Ti I (R)— Ta Dy 


Co I (R) 

32 

Ti Mgl— Hf 


Ru Ni I (R) 

13 

Fe Ni I (R)— Tb Dy 

34 

Co I (R) Ir Zr Eu— Zr 

72 

Fe Sc II Rh— Tb Er 


Ni I (R) 

35 

Ti II Cu—Ru Fe 


Ti II Ho 

14 

Zr Ni I (R) Ho 

36 

Os Gd Fe Cr II— 

73 

Pd(R) Co Zr— 

15 

Fe Cm 


Mgl 

74 

Er m I (R) Co— Ni 

16 

Ho— Gd 

37 

La II — Fe Ru Cu 


Ru Zr 

17 

Dy Co 1 (R) Ru (R)— 

38 

Zr— Rh Fe Ho 

76 

Er La — Lu Ba I 

18 

Dy— Fe Mo I Gd 

39 

Tb Fe— Ru Co Cr II 

77 

Co(R) Dy Rh Bal— 

19 

Jr— Dy Pd Ta 

40 

Mo Ti II y— Zr Fe 


Ti 1 Y Rh Y 

20 

Rh Tb Bal— 

41 

Dy Hg I — Ru 

78 

Ru — Fe 

21 

Ba I Ba I Cr 


Ti I (R) Fe Cb 

79 

Fe Ti— K m Cr Mo I 


Pd(R)— Ho 

42 

Fe Fe—Crll Co Rh 

80 

Fe Ru Ti II— 

22 

Gd— Fe Cr 

43 

W— Ho Cb Ti II Pt 


Ni I (R) Pd Sr ir 

23 

Ni I (R) Gd 

44 

Eh Ca I— La II Mo I 


Ni 1 (R) La II 

24 

Fe Rh— Cd Ir 


Ce Zr 

81 

Cu Rh Co— 

25 

Fe Dy Ho Cb— 

45 

Zn I (R)— Zn I (R) 

82 

-Sot Fe— M o I Cr 

26 

Ce Fel—Cb Fe 


Znl 

83 

Sb 1—Fe Ti II (R) 

27 

Fe— Pt 

46 

Cr(R) Ti II Co 


Ag I (R) Fe 

28 

Ho Ru (R) Fe Co— 

47 

Mo I— Cr II Fe 

84 

Os— Mo 

29 

Ho Dy— Ru 

48 

Rb I (R) Ti II 

85 

Dy Ho Er Ru 

30 

Zr II Ru Ta 

49 

Ti II (R) Cb Cu 


Co I (R)— Lu Rh 

31 

Co I (R) 


Ti II (R) Tb Cb— 


Ti I (R) 

32 

Ch Ru 


Intensity (Ba lOto 8;.Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than 0.5A. 
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T B LE III ( CUytt t in in ■</ i 
l^KiNcii’AL, Lines bv Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 
length : 

Elements 

3433 

Gd Co I (R) Pd(R)— 

3475 

Fe I (R)— Fe Cu !, 


Ni I (R)— Ho Ir 


N I (R) Cr(Rl 

76 

Co(R)— Fel Ce 

16 j 

Fe— Pd(R) 

34 

Mo— Mo I Rh(R) 

77 

Ti II— i 

17 ! 

Dy V 

35 

Rv . — - 

78 

Cb Rh(R) ,i 

IS ' 

Er Co I CRj— 

36 

Ta Cr— Ru(Rl 

79 

Zr Hf Zr- C6 

19 

TI I (.R)— Zr Ru Dv 

37 

IrZr Mo Ni I (R)— Jr 

80 

Er—Ta A1 Ti 


Tb Ni I Ho 

3S 

Zr II Fe Ru— Afn 

81 

Zr Pd(R) Ru Gd— 

2U i 

Cu Er Co I (R) Ru 

39 

Gd— 


Gd 


Ho Ti— 

40 

Gd Rw— Rh Fe I (R) 

82 

Gd Mn II j 

21 ' 

Eu Dy Fe I— 


Dy Fe I (R) 

83 

Fe I Col (R) Pt— 1 


Co I (R) 

41 

Er Pd(R) Cr—Mn II 


Zr Cu Ni I (R) 

22 

Ir— 

42 

Fe Ce— Co I (R) > 

84 

Rh Y—Jr Dy Ho 

23 

Co I (R)— Os Tb Co 

43 

Col CR) Fe I (R) 

85 

Ce Pt Fe Co— Y Ni 

24 

Dy Fe Cu Gd Fe— 

44 

rill— 


V 


Ni I (R) Mo V 

45 

Fe—Dy Cr 

86 

Er 

25 

Bal— Tb Zr 

46 

Nil (R) Ir KI (R) 

87 

Cal 

26 

Fe I Fe Fe — Fe 


Tb— Dy 

88 

Ce Mnll 


Co I (R) Dy 

47 

Mo Os Fe Zr 

89 

Er Co I (R)— Ho 

27 

Cu— Fe Ni I 


K I (R)— Rh 


Fe Pd(R) 

28 

Rb(R)— <?d Os Ru 

48 

Y Ru Ir 

90 

Fe I (R) Co I (R) 


Th 

49 

Mo Co I (R) Os 

91 

Cb Co I (R)— Gd 

29 

Dy Co I (R) TI I (R) 


Co I (R)— Dy 

92 

Er Ni I (R) 


Ea—X Co I (R) Fe 

50 

Rh Cu Fe Gd— Y 

93 

Ho— 

30 

Fe Cu— V 

51 

Fe 

94 

Gd Dy— Ho 

31 

Ru — Ta Dy Ho 

52 

La Fe 1 — Ni I (R) 

95 

Fe— Co I (R) Mn II 


Mn I (R) Mn I (R) 

53 

Er Ho La Cr — 

96 

Y Zr II— Co I (R) V 

32 

Mn I CR)— Ew Os 


Co I (R) 

97 

Fe—Mnll Dy Fel 

33 

Fe Fe Co I (R)— V 

54 

Tb Dy — Cu 


Ta 


Cu 

55 

Rh CoI(R)— Cr 

98 

Cb Rh Ho Ru (R) 

34 

Dy 

56 

Ho Mo I Ti — Zr Dy 

99 

Ho Er— Cd I 

35 

Cb Ti— Sc 


Ru 



36 

Dy — Fe 

57 

Tb Rh Fe V—Zt Tb 

3500 

Tb— Tb Ni I 

37 

Cb Fe Fe Ru 


Cu Rh 

01 

Ba I (R) Os— Aff Ni 

38 

Rh—Dy 

58 

Fe Ni I (R) Ta—Zr 

02 

Co I (R)— Rh(R) 

39 

Ce— 

59 

Fe 

03 

Ta 

40 

Fe Tb— 

60 

Mn II— Pd(R) 

04 

Mo V—Sh 1 Dy Os 

41 

Fe— Rh 

61 

Co— Ti II Ni I (R) Ho 


Till Ta 

42 

Fe Eu Dy— -4ff Zr Os 

62 

RhIRlSr— jerCoI(R) 

05 

Er Hf Rh Dy Zr— 

43 

Co Nd— Fe Rh 

63 

Zr Ru — Ta Dy 


Gd Zr Er Dy 

44 

Cb Y Dy— Cb Bal 

64 

Sr II— Er 

06 

Co I (R)— Fe Dy Ho 


Y Lu 

65 

Jr— Co I (R) Fe I (R) 

07 

Rh(R) Lu Tb— 

45 

V W— Fe Gd 

66 

Cd I (R)— Mo I 

08 

Mo Er Lu Fe — W 

46 

Ho — Tb Dy 

67 

Cd— Ni I Cd I (R) Y 

09 

Tb— Co I (R) 

47 

Ti— Zr Ba I 

68 

Tb Dy Ca I— Fe Qd 

10 

Tb C6 Ni I (R) 


Mn I (R) 

69 

Er Nil— Rh Er Th 


Co I (R)— Ti II 

48 

Mn I (R) Ni I 

70 

Rh(R) 


Bi I (R) 


Mn I (R) Co Y 

71 

Zr Fe Fe Co — Er 

11 

Ta Eu F— Th 

49 

W Gd— Rh Fe 

72 

Rh Lu— Ni I (R) Tb 

12 

Cu I— Dy Co 1 (R) 

50 

Dy Cb— Co I (R) Cr 

73 

Ru 


Er Y 

51 

Ni I Dy Zr 

74 

Co I (R) Mn II— 

13 

Os Co I (R)— Ir Fe I 

52 

Y I Fe Co 


Mn II Rh(R) Ca I 


Ni I 

53 

Pd(R)— -lu Fe 


Sr II 

14 

La Ru — Pt Er 

54 

Fe I Lu— Cb Fe 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than O.oA. 
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TABLES AND CHARTS 
TABLE III (ConUnif-ed) 
Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

3556 

Zr II Ho T’ Ee 

3597 

Rh(R)— Ni I (R) 

3635 

Mo Mo Ti I (R)_Cii 

57 

Gd It— 

98 

Nd Os— Ho Zr 

36 

Ir Lu — Cr(R) Ba 

5S 

Dy— Fe I Sc II Co I 

99 

Cu Ba I — Br Fe Ru 

37 

Rm— S bl Fe 

59 

Ir— Os 


Er Zr 

38 

Fe Ho Tb— Er Pt 

60 

I Ce Os Co I (R) 



39 

7 Co— Rh Pb(R) 

61 

Hf Tb Ba 

3600 

Dy— Y II Er Ho Gd 


Cr(U) 

63 

Dy — Cb Dy 

01 

Th Z.T Ir—Y II 

40 

Dy Os Fe Ba — Ru 

64 

Rh—Col{R) 

02 

Cu Co I (R) iNi I— Cb 

41 

Er Ti II W~La Tb 

65 

Fe I (R)— Fe 

03 

Fe Eu — Cr Fe 


Cr 

66 

Zr F Ni I (R)-— U 

04 

Sm — 1 

42 

Ta— Ti I (R) Sc II 


Ba Ta 

05 

Cr I (R) Co I CR) 1 

43 

Pt Co — Dy 

67 

Fe — Sc II Lu 


Fe— Ir Rb 

44 

Hf Cal— Cal 

68 

Sm — Tb Fe 

06 

Fe Er 

45 

Cu Sc II Sm Tb Dy 

69 

Co I (R) Mn I (R)— 

07 

Zr Ta— Mnl 


La — T7 Pr Fe 


Mn I (R) 

08 

Fe Mn I— Fe I (R) 

46 

Gd Pr— IF Er 

70 

Mn I (R) Fe I (R) 

09 

Ni I Th Sm— Pd(R) 

47 

Fe I— Go I (R) Tb Lu 


Fe— Ru W 


Nd Ir 


Fe I (R) 

71 

Pd (R) 7— Ni I (R) Fe 

10 

Ti Fe Mn I Ni I 

48 

Dy 

72 

W Zr II— Sc II 


Co(R)— Cd I (R) 

49 

Fe Co — Fe I Ra II 


PbCR) 


Gd 

50 

Fe Hg I (R) La Fe 

73 

Ho— Ir Fe Fe 

11 

Ba YII Tb— Cel 


Er Tb— 

74 

La— Co I CR) 


Co Zr 

51 

Cb Fe— Sc II Os 

75 

Fe Co r (R) Fe— Cb 

12 

Fe Rb(R)— Ni I 

52 

Co r (R) 

76 

Ba Dy Sc II — Fe 


Cd I (R) 

53 

Nd Ti I (R)— Cr 


Zrll Dy 

13 

Zr Gd— C m Ce{R) 

54 

Ru Os— Gd Hg I (R) 

77 

Ce— Ha Mn I (R) Dy 


W Sell 


— Tb Rh 

78 

7— Cr I (R) 

14 

Mo Cd I— Zr ir Rh 

55 

Fe — Sm Ce 

79 

Tb— Ba 1 

15 

Tb 

56 

Gd Cr — Os 

SO 

Cb— Sc II 

16 

Fe Er Os 

57 

W Rh(R) 

SI 

Fe I (R)— Gd 

17 

Th It Fe— WCR) Fe 

58 

Ti I— Tb 

S2 

Fe— 


Er 

59 

Mo— Til Fe Ch Ti 

S3 

Rb(R)— 

18 

Fe— Fe I (R) 

60 

Cb — 

84 

Dy— FFe Co I Fe Gd 

19 

Ru Ni I— 

61 

Ru(R) Sm— Ir Rh 

So 

Dy Co I (R) Fe I— 

20 

Rh— YI 

02 

Co Ti Ho— Ha Hg I 


Pel 

21 

Cu Sm Fc — 

03 

Pt Tb Hg I (R) Gd 

86 

Fe Ta — Ba Mn I 

22 

Fe— 


Ru— V Zr 


Fel 

23 

Fe— Mn I Ce Ir Lu 

64 

Ni I— y Ir Gd Cb 

87 

Rb I (R) Co I (R) 

24 

Cal(R) Cu Mo— 

65 

Nd— 


Nd— 7 Nil 


Ni I Ti II Co I 

66 

Rh— Rh 

SS 

Ba — Fe 

25 

Fe Ru — ^Tb 

67 

Fe— V Ho 

89 

Cb Fel Cb Fe— 

26 

Ir Ru— Rh(R) Ta Ho 

68 

Zr F— Pr Ti 1 


Sell V 

27 

Ho Cu—Rh 

69 

Er Fe — Fe Ru 

90 

Sc II 


Co I (R) Er 

70 

V Fe Ni I— Sm Os 

91 

Dy— Hb I CR) Dy 

28 

Pt Tb— Ir Y La 

71 

V Gd Zr— P5(R) 

92 

V Dy IF—Nd Sm 

29 

Dy — Mn I 


Ti I 


Gd YI 

30 

Zr Dy Fe — Ba Ca I 

72 

Pt Dy Nd— 

93 

Ru(R) V Cr I (Ri- 


Sc II Ca I Pr 

73 

Dy V— Nd 


ch 

31 

FeSmCoIFel (R)— 

74 

Pt Gd Ni I— Zr 11 

94 

Ir— Fe Co I (ID 

32 

Fe— Fe Co 


Rh Ho 

95 

Mn I — Er 

33 

Y Zr—Er Fe 

75 

Ir— VI 

96 

Rh Ti Bi (R) Ru(R) 

34 

Dy Sm Fe — Pd{ll) 

76 

Fe Tb— Co Dy 


Rh (R) Tb 


Co Ru(R) 

77 

Fe 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash.indicates greater than 0,5A. 
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TABLE HI {Contimied) 

Principal Lines by Wavei<ength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

3678 

Ru—Zt 

3722 

Ni I— Fe I (R) 

3768 

Er Cr Gd— Er 

79 

Cii^Th Fe I 

23 

Sbl 

69 

Rh 

SO 

Hg I V— Mo 

24 

Fe Dy— Ti Y Sm Er 

70 

Mo I Gd I' rr 

SI 

Rh— 


Eu 

71 

Er— Til Cu Mo 

S2 

Hf Fe Agl—Pt 

25 

Ti I Gd— 

74 

YII— 

83 

Co Fe I V I P6(R)— 

26 

Ru Cb — Fe Ru{R) 

75 

Nd— Ni r TI I ( R> 

S4 

Fe Gd Lu Co — Cu 

27 

V II — Fe I (R) Zr 

70 

Tb Y Os 

So 

Ho Ti II (R)— 

28 

Ru(R) Sm— 

78 

Rh— V r 

86 

Fe Od— 

29 

Cd I— Ti I (R) 

SO 

-Nd- Zr 

87 

Pr Pr Pt Fe I (R) 

30 

Fe Ru(R) Co— Gd 

81 

Cb Er C6— Mo I 


V— Gd C6 

31 

Zr Stn. It — 

82 

Os Gd— 

88 

V I Eu— Ra I 

32 

Gd Co Fe— V 

83 

Nil 

89 

Os Fe — 

33 

Gd Fe I (R)— Co 

84 

Ta Nd— 

90 

V I Pd(R)~Rh(R) 

34 

Co Pr—Ir Fe 1 (R) 

85 

Pr— Fe 


Co 

35 

Rh Pe— Nd Co Sm 

86 

Ru(R) Dy Mo— Ce 

91 

Tb— 

36 

Nil Call 


Pel Er 

92 

VI Rh(R)— Y Ho 

37 

Fe I (R) Rh— 

87 

Cb V 76— Er Fel(R) 


Mo 

38 

Er Fe—Y 

88 

DyRh— Y II 

93 

Co Co — Mn Sm 

39 

Sm Pr Ru — Cb 

90 

Pel Os Cb Mn 

94 

Fe Ho Er — Tb Dy 


Pb{R) Zn 


V I— RufRj La 


Mo 

40 

Cb 

91 

Gd Cb— Pr 

95 

Fe V— Rh V I 

41 

Ti I Th Cu Sm— 

92 

Er 

96 

Er — Ru 


Till 

93 

Rh(R) Rh(R)— Nil 

97 

Zrll— Gd Cb 

42 

Ru(R) Mo Cb— Er 


Os 

OS 

Dy Zr li/i—lih 


Ru ‘ 

94 j 

Pe Cb — Li I Ba La 

99 

Gd Pt 

43 

Fe—Cr(R) Sm Cr(R) i' 95 

Fe I— Er 



44 

Er Rh — 

96 

Gd Zr— Ho 

3700 

Co— Cu RhKR) 

45 

Er— Co I (R) 

97 

Er — Fe Cr <S»« 

01 

Fe — Dy 


Fe I (R) Stu T' 

98 

Cb Pd(R) Mo I(R) — 

02 

Co Ho— iVfo Tb 


Fel 


Fel Ru(R) V 

03 

Os—V 1 Tb 

46 

Os— 

99 

Pd(R) Rh(R) Ru(R) — 

04 

Co I (R) Fe— V I 

47 

Ir — Y Dy 


Pel 

05 

V I— Fe I (R) La II 

48 

Ti Ho Rh Fe l—Fe 




Sr I 

49 

Cr(R) Fe I (R)— Co 

3SOO 

Ir Pr Cu— 

06 

Call Ti—Pt 

i 50 

Er F II 

01 

Sii(R) Cd— Ce 

07 

Fe—Fe I W Fe 

51 

Zr Co Hg 

02 

Cb 

08 

Co 

52 

Th Os Ti I 

03 

Er V I— Cb 

09 1 

Os Fe I Zr— Ce 

53 

Ru Fe I Ti I Ho 

04 

Cb Pr Cr 

10 

YII— 

54 

Rh Rh— 

05 

Cu Fe— Rh 

11 

Tb 

55 

Tb Co(R)— Ru 

06 

Dy— Fe Rh Tb Mn I 

12 

Er— Gd C'r 

56 

Fe 

07 

Ni I Sr I — Fe 

13 

Rli(R) Cb— La 

57 

Ho Dy Tb—Ti 11 

08 

Er Co I— V I 

14 

Zr Rh La 11 

58 

Fel(R) Gd— 

09 

Ce— Mn I 

15 

\ - La 

59 

La Ti II— Cm Cb 

10 

Cb— Ho 

16 

Ce Gd Fe— 

60 

Ru Fe — Fe 

12 

Ho V I Co— Fe I 

17 

Cb Til— 

61 

Ti II —Ru 

13 

Gd 

18 

Y—Li Sm Pd(R) 

62 

Pr—Th 

14 

Ra II— 


Mu 

63 

Fe I (R) 

15 

Eh Cr— T' Fel (R) 

19 

Li Hf Ru Gd — Os 

64 

Ce Zr — 

16 

Cb Co Rh Co— Cd 


Fe I (R) 

65 

Rh(R) Tb— Fe 


Dy Co 

20 

Os— Cu 

66 

Er— Zr II 

17 

Pu — Zr 

21 

Ti II Th 

! 67 

Fel(R) Ru— 

IS 

V I Pr r— Pt 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — ) = O.oA; no dash indicates greater than 0.5A. 
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TABLES AND CHARTS 
TABLE III {Coniinued) 
Principal. Lines bv Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

3819 

Cb— Cr Eu(R) 

3872 

Fe I 

3916 

La Gr 1 (R) F — Qd 

20 

Fe I (R)— Er Cu 

73 

Co I (R)— Pe Co I (R) 


Pe 

21 

Fer— 

74 

Tb— 

17 

Co Fel— 

22 

VI Rh(R)—VI 

75 

Ce(R) V I(R) Ti— Ca I 

18 

Hf Mn Er — Ta Fe Pr 

23 

Mn I (R) Mn I 


Nd V 

19 

CrI (R)— Tb 

24 

Fe I (R)— 

76 

C V—Cs I Lu Oa 

20 

Cb Fe I — Ru Nd 

25 

Cu I — Fe I (R) 


Co I (R) 

21 

CrI (R)— Lall Zr Co 

26 

Mo I 

77 

Pr Rh— 

22 

Rh Sm V — Co I 

27 

Fel (R) 

78 

Fe I (R) Ce— Fe I (R) 


Fe I (R) Pt 

28 

Hr Rh(R)— V I Mo I 


Fe 

23 

Gd Ru— 

29 

Mg I (R)— Er Mn 

81 

W— Co I (R) Co(R) 

24 

Til 

30 

Cr— Er Pr 

82 

Ti Ti — ^Ti 

25 

Pt Tb Pr— Ru Fe 

31 

C— Ni I Ru Cb 

83 

Cr I (R)— 

26 

Mn— 

32 

Mg I (R) Pd— Y 

84 

Col 

27 

Nd— Fe I 

33 

Fe — Ta Mo I Mn 

85 

Pr Cr I (R) Co I Sm 

28 

Sni — Cr I (R) 


Ri(R) 


Zr Cb — Fe 

29 

La Pr— Zr Ti I Os 

34 

Fe I (R) Mn 1 (R)— 

86 

Fe I (R) La II — Cr(R) 

30 

Fe I (R)— Eu y 

35 

Zrl 

87 

Fe I Er— Nd Bi 

31 

Dy Ru 

36 

Os Fe Dy—M» Gd Zr 

88 

Er Bi—Fe I Cs I Ho 

32 

U Er — Fe 

38 

Mg I (R)— 

89 

Pr Ba— Er Nd 

33 

Sc I— Ca II (R) 

39 

Fe — Ru Mn 

90 

V Zr U— Nd Br Nd 

34 

V Rh(R)— Gd Ir 

40 

Tb Os Fe I (R)~-La 

91 

Ho Zr I— Ba II (R) 

35 

Tb— Ba I Fe Rh Pr 


VI Ag I 


Fe 


Co I (R) 

41 

Pr Fe I (R) Mn I Lu 

92 

Nd Ru— Ba Er V 

36 

La— 


Cr Co I — 

93 

Fe— 

37 

Er Nd— Ba I 

42 

Co I (R)— Tb 

94 

Cr I (R) Cb Co I (R) 

38 

Os Er Nd 

43 

Zrll Fe— Co Ho Mn 


Pd(R)— Nd Gd 

39 

Tb 

45 

CoI(R)— 


Co I (R) 

40 

Ho— 8V I Fe I Co 1 

47 

V— 

95 

Ti— Fe I Gd 

41 

Cr I (R) Nd Co I (R) 

48 

Nd— Nd Tb 

96 

Er— Tb Ho Sni 

42 

Pe— Rh Ce 

49 

La Zr — Os Fe I 

97 

.•lu Fe Al 

43 

Mo— Cb 

50 

Em— G d Fe I Fr 

98 

Fe I V -Dy PI 

44 

Al I (R)— Tb Dy 

51 

Gd—W Pr Nd Co 

99 

Tb— Fe I 

45 

Col— Gd Ru 

52 

Gd Pel Pr 



46 

7r— Tb 

53 

Ce— 

3900 

Nd Os— Ti II Pt 

47 

Pr Ti 

54 

Ho Cr— 

01 

Ru Tb— Oa Mo I Nd 

48 

Pe Ft— Ti I Pe Ca 1 

55 

V I Cr— Gd V ICR) 

02 

V r Gd Pr— Er Fn I 

49 

La Pr — Fe 

56 

Fel(R)— Rh(R) Co 


Mo I (R) 

50 

Ru Y— 

57 

Os— Ru Cr 

03 

Sm — Fe Er 

51 

Nd Fe— Y V 

58 

Co Nil — 

04 

Y Ti 

52 

Gd Co I— Ce(R) Fe 

59 

Fe— U Fe I (R) 

05 

Si I Ho Ho Nd 


Ru Co I 

60 

Cu— 

06 

Co I Er Hg I Fe I— 

53 

Gd— Pr 

61 

Co I (R)— Cm I 


Nd 

55 

r— 

62 

Ru 

07 

Eu— Sc I Nd Fe 

56 

Ce Ti I Pe— Fo 

63 

Nd— Zr I 

08 

Pr Pr— Cr I (R) 

57 

Ca I— GdDy Col (R) 

64 

Mo I (R)— V I 

09 

Ru Au— V(R) Ra I 

58 

Nd Rh Ti I Zr 

65 

Sr 1 Os—Pr Fe I U 


Col 


Tb— Pd(R) Rh(R) 

66 

Ti— 

11 

Nd— Scl 

59 

Gd 

67 

Pe— Ru W 

12 

Pr 

61 

Co Mo— Al I (R) 

69 

Mo I — 

13 

Till— Rh 

62 

Nd Pr— Ti I 

70 

Rh— 

14 

V Ti— Cb Ru Sc 

63 

Nd— Os Cr(R) 

71 

La 

15 

Li I (R) Ir Tb— Zr 

64 

Pr Ti I— Rh Pr 


Intensity (Ba 10 to 8; Cs 7 to 5; Sti 4 to 2). (— ) = 0.5A; no dash indicates greater than O.oA. 
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TABLE III {Continued) 


Principal Lineis by WA\TeLEXGTH 


Wave- 

length 

Elements 

length 

Elements 

W ave- 
length 

■ 

Elements 

3965 

Pr-— Ru 

4010 

Ra— 

4057 

V Col— PbiR) Zn 

66 

Fe I Cb Pr— Pt Fe Zr 

12 

Nd Ce Cr— Tb 

58 

Co I Cd— Co I Cr 

67 

Fe— Y 

13 

Ru Gd Co I 


Mn I Cb 

68 

Gd Dy Ca II (R)— 

14 

Sc Fe 

59 

Er Nd 

69 

Co Sri Fe I Gd Er — 

15 

Er 

60 

La— 


Os Cr 

16 

W 

61 

Nd Ta— Tb 

70 

Sr I Ta — Sm W 

17 

Fe— 

62 

Mo P6(R) Fe—Gd 

71 

Pr Fe Sm — Gd Eu 

IS 

Mn I Os Y— 


Cul Pr 

72 

Pr— Co 

19 

Th— P5(R) 

63 

Cu I Gd— d/n Sm 

73 

Co I Nd Zr— No I Fr 

20 

Ir Scl Tb Er— .Vd 


Fe I (R) V 


V Nd Cal 


Co I (R) 

64 

Ru — Zr Sin 

74 

Co I (R) 

21 

Nd— Nd Fc 

65 

Au I— 

75 

Rh Co- 

22 

Ru Cd— Cu I 

66 

Tb Co I (Rj— Os Fe 

76 

ir— Cr(R) Nd Tb 

23 

Nd Cd Rh Sm T' 

87 

Fe La — Ru Ta Fe 

77 

Os — Fe 


Co— Scl Ru 

68 

Ru — Co I Ta 

78 

Ru — Dy Co I 

24 

Til Zr 

69 

Th Nd— Mo Tr 

79 

Sm Od Ru Nd — Co I 

25 

Cr — La 

70 

Gd— Os 


Cr 

26 

Cr Mn—Ti Ta 

71 

Fel 

81 

Cr— Zr I Ti I Fe 

27 

Co I Cr Zr— 

72 

Zr 


Cd I Dy Tb 

28 

Gd Till— 

73 

Dy Cd Ce — Gd 

82 

Pr Nd Ti— Y 

29 

Zr 

74 

W— Os Fe 

S3 

Sm — Dy Cr(R) Hg Fe 

30 

Sr I— Pe Ti Mn I (R) 

75 

Xd—Sm 

84 

Cr Rh — Ru 


Gd 

76 

Cr Co I— Fe Ru 

85 

Mn—Lil U 

31 

La II Pr Nd Mn 

77 

La YI— R/iSrIiao 

86 

Fe Nd Mo — Sm 

32 

Ru Sr I — Cb 


Hgl Dy 

87 

Co I Cd— Er Ru 

33 

Ga(R) Tb Mn I(R) 1 

78 ! 

1 Fe Ti I— Gd 

88 

La II 


Cb— Cd Sb I 3/n(R); 

, 79 

i Mn I Mn I— Cb Pr 

89 

Pr Ti I Cr 


Jr Pr 1 

: 80 1 

1 Ru(R) 

90 

Sm Nd Co I— V 

34 

Mnl(R)— ‘ ; 

i 81 

Pr Er Zr Y Mo— Pr 

91 

Zr Cr (R)— Co Cr Co I j 

35 

Co r Mn I (R) Zr j 

82 

Sc I Ti I— Rh Mn I 


Nd Co 1 

37 

Gd— Gd 1 

S3 

Ce Pr— Mn 1 Y I 

92 

Ir— Cr ! 

38 

Pd- 1 

84 

.4u Mo — Fe 

93 

Ba I (Rl— Ho Ce ; 

39 

Cr Ru Pr— Cb Gd Y 

i 85 * 

Th Fe Eu Ru — Gd 

94 

Gd— Col Nd Pr 

40 

dr— Ce Ho Nd .4u j 

: 86 

Col— Th La 

95 

Co I (R)— Rh Ba I 

41 

Mnl(R)— Os i 

87 

Dy Pd— Er Gd Rh 


La Ru 

42 

U Sm La 

88 

Rh 

96 

Ta Rh Gd— Pt Sc I 

44 

K I (R) Hf— Zr Pr 

90 

U— Zr V I 


Pr 

45 

Gd Mn Co I (R) 

91 

Dy Os 

97 

Pr V Fe— Co I (R) 


Ho— Zr Zr Fe I (R) 

' 92 

Pt Sm Co I (R)— V I 

9S 

Fe Ho— Ti I V Zr 


Tb 


Ca I Cd 

99 

Er Ce — 

46 

Dy— Hg Hgl Er 

' 93 

Hf— 



47 

K I (R)— Y I Sc I 

94 

Tb— Th Cal 

4000 

Pr Tb Ho— Dy 

48 

Ei— Zr Mn I Cr 

1 95 

Y I— Fe 

01 

Gd Cr— 

49 

Gd— Gd 

96 

Pr Mo 

02 

Tb 

50 

U La Zr— Dy ! 

97 

Rh Ru 

03 

Os 

51 

Nd Pr V Ru— Tb ; 

98 

Fe— Ca I Gd Gd 

04 

Os — Pr 

52 

Ru — Tb Co j 

! 99 

La VI 

05 

Os Fel- Tb Hu V 

53 

Gd— Till Ho 



06 

Ru 

54 

Tb Ru Lu— Sc I Pr 

j 4100 

Er Pr Cb 

07 

Fe—Et i 

55 

Zr Dy Ag I (R) Er— 

i 01 

Ru In I (R. 

08 

Pr W Ti I 


Mnl 

[ 02 

Mo VI Y I(R>— VV 

09 

Ti Fe 

56 

Mo— Pr CutR) 

' 63 

Ho Tb 


Intensity (Ba 10 to S; Cs 7 to o; Sn 4 to 2). ( — ) = O.SA; no dash indicator greater than O.oA. 
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TABLES AND CHARTS 
TABLE III IConiinued) 
Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

4104 

La 

4154 

Rh— Fe Fe 

4212 

Gd Ag I (R) 

05 

Mo V I— 

55 

Mo Cb— Mo 


Ru— Pd(R) 

06 

Ce (R) 

56 

Nd Zr— U Fe 

13 

Tb Zr 

07 

Sni Mo Fe — Rh Ru 

57 

Mo— Fe 

14 

Tb Fu— Cb Gd 

OS 

Hgl T/i—Ko 

61 

Zr Tb— F m Sr II 

15 

Tb Dy TF— Sr II (R) 

09 

Nd Mo Nd-~Cr V I Fe 

63 

Ho— Cr Cb Ti U 


Rb I (R) 

10 

Nd— Col Y Mn 

64 

Pr— Pt Cb 

16 

Fe I — Hg 

11 

Dy Gd—V I (R) Pr 

65 

Sc — Ce 

17 

Gd Ru— La Y Cb 

12 

Os — Ru 

66 

Ba II Zr- 

18 

Dy— 

13 

V Pr 

67 

Ru Y I Mg I Dy 

19 

Fe— 

14 

Fe~ 

68 

F6(R) Cb— 

20 

Y Sm Ru 

15 

VI— 7r 

• 69 

Sm — Pd 

21 

Dy- 

16 

Bh V I— V I (H) Th 

70 

Gd— 

22 

Fe I— Ce 


Nd 

71 

TF— U Gd Pr Ti 

23 

Pr— 

IS 

Ce Pr — Fe Sm Pt 

72 

Ga(R) Fe Pr— Os 

24 

Ba Fe Y— 


Co I (R) 

73 

Os Ho — Gd 

25 

Gd Dy Sm Pr Fe — Gd 

19 

Cb Gd—mi Ce 

74 

Yl— 

26 

Tb— Ge Ca I (R) 

20 

Mo Ho— 

75 

Ta Pr— Gd Nd TT" 

27 

F e — Zr' 

21 

Co I (R)— Bi r Rh(R) 


Os Fe 

29 

Cb Ru — Ho Sm 


Bil 

76 

Mn 

30 

Ru — La 

23 

Er La Cu—\ I Cb 

77 

Nd— Y Cu Ra Ta 

32 

Ru Nd V— Mo 


Nd Sm 

78 

TA— Nd 

33 

V Os— Fel 

24 

Os Dy Lu Y 

79 

Cr V Pr— Zr 

34 

V Sill 

26 

Cr 

SI 

Ta — Fe 

35 

Mn I Nd Mn I 

27 

Ho— Ti Fe 

83 

F— Dy Sm 


Tb— Y II Fe I 

28 

VIYI(R)— Rli(R)0s 

S4 

Lu Gd — Fe Er 

36 

Pr — Ru Sm 

29 

Pr Cr Ta Cb— Eu Nd 

85 

Mo 

37 

Sm 

30 

G-d— Ba II (R) Pr 

86 

Til Tb — Ce Dy 

38 

La— Gd Fe 

31 

Mn — 

87 

Fe I Tb La— Zr Fe I 

39 

Zr—Ba I Mn I Nd Ce 

32 

V I (R) Fe I Gd 

88 

Sm Mo — 

40 

Pr Zr Ca I— 


Li I (R) Ba— Fe I 

89 

C— Pr V I Os Mn 

41 

Pr Ru Zr W— Zr U 

33 

Nd— Ce 

90 

Col Cb 


Au 

34 

Gd V I— Fe 

91 

Cr Pel — Dy Pr 

42 

Ba 

35 

Mn RhCRJ Nd— Os 

92 

Cb La Pt Er— 

43 

Ru— 

36 

Ta- 

94 

Mo Er (R) Dy 

44 

W U Rh—Sin Ru 

37 

pe Gd Cb TF— Ce 

95 

Cb— Ni 

45 

Dy 

39 

Cb 

96 

Rh La 

46 

Mo Ru — Ru Sc 11 

40 

Sc— 

97 

Ru Gd 

47 

Nd Fe— Pr 

41 

Mn Pr Dy— Lall 

98 

Fe I-Cr Ce Ru 

48 

Ce Cu 

42 

YI (R) 

99 

Zr Fe Y 11— Ru (R) 

50 

La Fe— Fe I 

43 

Dy Pr Fe— Mo Fe I 



01 

Y'— Gd Mo(R) 

44 

Ru Tb— C b 

4201 

Ni Rb I (R) 

52 

Co Nd— 

45 

Ru 

02 

Fel— 

53 

Gd—Gd 

46 

Dy — Ru 

03 

Sm — Fe 

04 

Cr I (R ) Ho— 

47 

Fel Ta 

04 

La— Y’ Gd 

55 

Ce 

48 

Pi—Mn 

05 

Eu V Cb— Nd Ta 

56 

Ti Dy Sm— 

49 

Zr— Mo Siu Ce (R) 

06 

Ru Sm — Dy Pr 

57 

Mn I 

50 

A1 HI— Zr 

08 

Th Zr 

58 

Zr Tb— Ru 

51 

Er Cb— La 

09 

Cr—V I 

59 

Ir Cu— 

52 

Sm Sc — Ho Cb 11 o 

10 

Sm Fe I — 

60 

Gd Fe I —Os 


La 

11 

RhCR) Nd— U Cb Dy 

62 

Gd Cb— Sm 

53 

Cb— Cv Fe {■ 


Pr Os Zr 


Ti Cr— La Pr 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — -) = O.oA; no dash iiiflicates fjreator than O.oA. 
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TABLE 111 

Phixi’ipai. Lixe.s by Wavelexoth 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elemriits 

4264 

Ho Ba I— 

4310 

Ir 

4356 

Ho Tb 

65 

Ra Sm — Ain I 

11 

--W Cb Os— Jr 

57 

y 

66 

F 

12 

Mn Ti II 

5S 

Nd Hg I— Dy Y n 

67 ■ 

CII— 

13 

Tb— j 

59 

Ra Ni I CrI iRt Zr 

68 

7/— V Gd 

14 

Sc II 7?a— Nd Ti I 


Pr 

69 

Mo W La— 

15 

Fe— r 

60 

Sin Gd 

70 

Cb 

16 

Gd Y— 

61 

Ru— Sr I 

71 

Fe I— \' Fe I 

17 

Zr— 

62 

gjjj 

72 

Pr— 

IS 

Ca I (R) Ti Tb | 

63 

Cr— 

73 

Li I Th Rh— 


Sm 

64 

Rf— Ce La W 

74 

I’— Ti I Cr I(R) 

19 

iSr I — Ru Sr I 

65 

Os 

75 

Nd Cu(R) Tb— 7-a 

20 

Ce Sc 11 Ru 

66 

r Ra Nd Zr— 

70 

Dy Tb Mo V 

21 

Gd— Ti 

07 

Tb— Ti 

77 

Mo I — Lu 

22 

La i 

68 

V I Pr Cb— N<i 

78 

Tb 

23 

Ba I Sm — Pr ; 

69 

Mo I— Gd Fe 

79 

Mo Ta — Sm 

25 

Sc II Ru Ti Ra— Gd 

70 

Gd Os Zr 

80 

Zr La Cr — Gd Sm 


Fel Nd Tb ! 

71 

Cr I (R)— Pr 

81 

Sm Lu Mn I Ti I — 

20 

Mo Os Ti 1 Cb 

72 

Tb Ru— 

82 

Th Zr Fe Pi— Nd Ti 


6VI— Mol Ru 1 

73 

Rh Sm — Co Gd 

S3 

Ca I (R) Ba I— 

27 

Pt Gd— Nd : 

74 

Cr Dy— Sc II Dy 

84 

V Mn r Ru— Nd 

28 

Os 


Rh(R) Mn Y 

85 

Co 1 

29 

Sm Pr — 

75 

Nd Dy— Ce Fe I 

86 

Til Ta—L& 

30 

V I— Gd Ho Y 

77 

Rb— Cb 

87 

Ru Til— 17 

31 

Ru Gd Cb— Ni I 

78 

La Cu(R) Sm — Ta 

88 

Ni Pt—Mo I Rh(R) 

32 

Tb— V I Ra I '' 

79 

Ag V I (R) F— Zr Rh 

89 

Til Cal (R)— 

33 

Zr— La Pr i 

SO 

Mo I Sm— 


Cr I (R) Ce 

34 

Sm Ra — ^La 1 

81 

Mo Th 

90 

Till— Til 

35 

Pr j 

82 

Ce— 

91 

Y Ti Ba—V 

30 

Tb Hf ,j 

S3 

La — Fe I 

92 

Mol Sm Mo— Z m I 

37 

Fe I Ho Ru Y Mn— 1 

84 

Mg II V I (R) Sc II W 

93 

Mo I Ru — Mo I Os 


Crl(R) Eu Sri Ce'l 


Cr I (R) 

94 

Till Pel— W(R) 


Ti II ;i 

85 

La Ru — Ru Nd 


Se II Zr Ru 

38 

Tb— Pr Nd i; 

86 

R«— Ce 

95 

Dy— Ti 1 Ni Ru 

39 

Hg I Cr I (R)— Co :l 

i 87 

Gd Y 

90 

Lu La V — Ce Zr Sm 


Crl(R) 

89 

Gd V I IR) 


Rh 

40 

R6— Tb Ra II 

90 

Ru— Mffll Xd Sm 

97 

Gd—\ Ru Pr 

41 

VI Zr Gd— U 


Gd Fe 

98 

Zn I Gd— Ti I Eu Pr 

42 

Ru Gd— Tb 1 

91 

Ru Th— Ce Cr I Pc 


Cal 

44 

Pr Gd Pr—Cr I tR) I'; 

92 

Gd— 

99 

Ti Fe I Gd— Cb Ti I 

45 

Sm 1 

93 

V Ti 



46 

Gd Ru — 1 

94 

Y Os Dy 

4300 

Till r— Til 

47 

Gd Pr— Hg I Sm Zr ! 

95 

Ti II V l—Pr 

01 

Ti I Cb— 7r Zr 

48 

W— Y ! 

96 

Pr- 

02 

W Y— Ca I (R) Zr 

49 

Ru Ce 

97 

os — Gd Ru 

03 

Nd 

50 

Mol Ba Pr Sm — Ho- 

98 

YII Ta— 

04 

Nd— Ba 

i 

Cr I (R) Nd— Fe Cb i 

99 

Ir— Pr rni 

05 

Sr II— Sc II Pr Ti I 


Cr I (R) Pr j 



06 

V I Gd— Ce 

52 

Pr Mg I 1 — I' Fe I ! 

4400 

Sc II— V I Nd 

07 

V I— Ru Ca I (R) 


V I 

01 

Fe— Nil Gd 


Till Fel 

53 

Tb— ; 

02 

Ba Os 

08 

5il— Bil Dy Tb 

54 

Ru La— Sc II 1 

03 

Pr Jr 

09 

Sm— 7a Y II VI 

55 

Ca I— U i 

04 

! Ti— Fe I 


Intensity (Ba 10 to 8; Os 7 to 5; ,S'« 4 to 2). (--} = 0.5A; no dash inai<-utes srt-aler than 0,5A. 
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TABLES AND CHARTS 
TABLE HI (Coniinued) 


Principal Lines by Wavelength 


W ave- 
length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

■1405 

Pr 

4452 

V La— Sm 

4605 

Ba Y 

06 

Pd V I (R3 Gd Ba 

53 

Mn I Ti I— Dy Ti I 

06 

Gd— 

07 

VI (R) 

54 

Fe—Sm Ca I(R) Zr 

07 

Zr — 

08 

V r (R) Gd W Fe I— 

55 

Mn Mn Ti I Dy— La 

09 

Gd Ce(R) Cif— 


V I (R) Pr 


Mn Ca I (R) 

10 

Ru Pr—Th Ta 

09 

Dy— Tb 

56 

Cal 

11 

Ru Pt Cd In I (R) — . 

10 

Ru Eb Ni 

57 

Mn Mo Ti r V I— Mn 


Tb Stn Cr 

11 

Nd Gd—Mo Mn 

58 

Mn — Cr Sm 

12 

Mo I— Ti I 

12 

Sr 

59 

Nil Fel— VI 

14 

F— Cr I Gd 

13 

Cd I—Ba Pr 

60 

Ce VI(R) M7i~\V 

15 

Sm— 

14 

Gd—Mn I 

61 

Mn— Pe I 

16 

Pd— Ru 

15 

Fe I r— Sc II Cu Cd 

62 

Mn V Ni I— Nd 

17 

Co Mo— Pr Ru 


Ta 

63 

Ti 

IS 

Ti I--Lu 

16 

V I— 

64 

Mnl Gd 

19 

Er — ^Gd Sm 

17 

Ti Hf r— Ti II 

65 

Cr— Til 

20 

Pt Ru 

IS 

Ce 

66 

Gd Fe Co I 

23 

La— Eu Er Ti I Gd 

19 

Gd Cb— Er Pr Mn 

67 

Gd Ba Sm — 

23 

Pt Ce Ba Cb— Sm 

20 

Os — Sm Ho Cb Hu 

68 

Mo— Ti II Dy Pr 

24 

V Mo I — Sn Os Ba II 

21 

Sm Pr Gd Co lRu~V I 

69 

Nd Fe—Co I V 

25 

Fe La— 

22 

Gd— Pe Y n Ti 

70 

Mn I Ni I— 

26 

La II Mo Cr — Er Ca I 

23 

Tb— Mo La 

71 

Ce Ti I Cb— Co I 

27 

Y Ti I Ce— Dy Y 

24 

Cr Sm — 

72 

U— Mn I 

28 

Ce — Fe I Rh 

25 

Ca I (R)— Rd 

73 

Sm — ^Er Pd Y Ru 

29 

Os 

26 

V I Ti Ir— Mo I Er 

74 

V Cd— Mo V Ti 

30 

Cr Ta Cu I Ru Co I 

27 

Ti I Fe — La 

75 

y 

31 

’ y.T Fe I Sr— Ho Ru 

28 

Mg II Gd Ru— V I 

76 

Fe Ag I Gd— Y Tb 

33 

Ra II Ti I (R)— Ti II 

29 

Pr Ce— V I La 

77 

Pr Y”— Ho 

34 

Co I Tb Pr— Ti I (R) 

30 

Pel Gd 

78 

Ir— Sm Gd 

35 

Ti I (R) Cr Zr I Pr 

31 

Ba 

79 

Ce— Til 


Ti I (R) 

32 

Rh— 

80 

Cu I Ru — Sr 

36 

Ti I (R)— Mo 

33 

Sm 

81 

Til Er— 

37 

Tb— Gd Sm 

34 

Mgll Ti Sm— Mo 

82 

Fe Fel —Ti 

39 

Cu Ce Os 


Ca I (R) 

83 

Gd— Co I 

40 

Cr 

35 

Eu Ca I (R) 

84 

W Fe — Pi Os Mo 

41 

Pd Nd— 

36 

Tb V I Gd Ra II Os 

86 

Ce 

42 

Sm Zr Nd 


Mn— W 

87 

Mo Y Y— 

43 

w r Co I Sm 

37 

Au Pi V I 

88 

Au Ti Ru—Y Ba 1 

44 

Rh Y—Cr Ti I Er 

38 

Sri Gd— 

89 

Ti I Pd— Fe I Er 

45 

Y—Ir Cr I (R) 

39 

Ru 

90 

Mn I— 

46 

W— Cb .Vi 

40 

Ti Zr— 

91 

Mo— r 

47 

Ru— Ru Pt Gd 

41 

Tb— V I 

92 

1 Rh — 

1 48 

Ir—Mn Os Rh Ti I 

42 

Mo Fe I — Pt Zr 

93 

Tb— Bill 

! 49 

Fe II— La Ti II Y Go 

43 

Mo I Fe~Y Ti II 

94 

Fe I 

50 

Os— Gd 

44 

V I Sm— R7i Ce 

96 

V Ti I Pr— Cr I (R) Zr 

51 

Os — Rh W Ta 

45 

Pt 

97 

Gd— 

52 

Ru Er Pt Ti I— Sm 

46 

Wd Gd~Y 

98 

Ru Gd— Pt Mnl ! 

53 

Zrl V— 

47 

Cb Os— Fe I 

99 

Sm— Zr 

54 

Zr Ba II (R) ,Sm— Pt 

48 

Er 




Ru(R) 

49 

Ti I Ce Ru — Dy Mo 

4500 

Er 

: 55 

Cr Zr Cs I (R) Y 


Pr 

01 

Ti II— Nd V 


Ti I— 

50 

Ce Til 

02 

Mnl— 

56 

Ag Fe— 

51 

Nd Mn I Nd 

03 

Cb Dy Er — Rh Mn. 

57 

Rh— 

1 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than 0.5A. 
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TABLE III {Continued) 
Principai. Lines by Wavelength 


wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

4558 

Gd Mo I La— Cr Rh 

4612 

Dy — 

4665 

A'a I Er— 

59 

La Y— 

13 

Fe I W Cr I La II— 


Cr 

60 

Pt Ce Sm—\ Rh 

14 

Cd I Gd— 

67 

Cb Pe— Til 

62 

Ce— 

15 

Sm — Od I Sm Ag Er 

68 

Pel— Agl La 

6i 

Pr Nd Er— Tb Till 

16 

Cb Cr I (R) Ir— Os 

69 

Xa I Ta Fe Cr Sm 

65 

Rh— CrI Co Ta 

17 

Til— 


Tb — Sm Ru 

66 

Sm— Gd 

19 

Pc— Th Ta Cr Yl 

70 

Sc— V I Sm Gd 

67 

La 


La Rh Ba I 

71 

Mn I La 

68 

Ir— 

20 

Hf 

72 

Pr Cb— 

69 

Rh— Gr 

21 

Mo— 

73 

Pe— Ba I 

70 

La Co— W 

22 

Cr— 

74 

Sm Ru Cu Y I 

71 

Mg I Rh— Gr V Ti II 

23 

Ti I— 

75 

Rh Ti Cb— Er 

72 

Ce — Be I 

24 

Th Dy— 

76 

Tb Sm 

73 

Cb— Y Gd Ba(R} 

25 

Pel— 

77 

Rh Pd— .Iff 

74 

Ta — ^La 

26 

Cr I (R) Zr 

78 

Cd I (R) Sr I— Fe 

75 

Zr La 


Mo I— Mn 

79 

Er- 

76 

Mo I— 

27 

Ur Eu ^Io — 

SO 

Gd Zn 1 {R)—W 

77 

VI Pt— Sm Dy 

28 

Ce Ba I— Pr 

SI 

Ru Tb Ta Ti I 

78 

Ca I Tb V Nd 

29 

Ho Ti I Co I— Zn I 

S2 

Dy Ra II Y Co I— 

79 

Os Nd Cb— Ba(R) 

30 

Cb Pe— Er 

fyj 

Gd Zr— 

SO 

La Cr I Go V 1 

31 

Th Os 

S4 

Ru Pt— Ce 

81 

Cal— Col Cb 

32 

Tb— Pc I 

85 

Ca I — Ge 

82 

Gd 

33 

Zr 

86 

Ni r Gd— V 

S3 

Pe II 

34 

Nd— 

S7 

Sm — Zr I 

84 

Ru — Sm 

35 

VI— Ru ; 

88 

Zr— Tb Er 

85 

Cal Go I 

36 

Li I— Tb Gd ; 

89 

U Cr— 

86 

VI— Gd 

37 

Tb— Pc I ! 

] 90 

Ru— 

87 

Cu— Tb 

38 

Fe—Gd 

91 

La Til Fe—Ba(.R) 

88 

W 

39 

Rh Ti I— Gr Ti I Ti I 


Ta 

89 

Dy — Ba I 

40 

Er Pt 

92 

Os La — 

91 

Ru V Cr I— Tb Ba I 

41 

Tb Ra— Tb 

93 

Tb Co I Ta—\\ 

92 

Ru Ni I Fe I 

42 

Sm — Mn 

94 

Gd— 

93 

Cs I (R)— Srra Ce 

43 

Rh Pe— YI 

95 

Pr 

94 

Eu V I (R)— Co 

45 

Ru Ti I Tb— A’d 

96 

Y 

95 

tls Mo I Sm rh Cr— 

46 

Cr I (R) V 1— U Sm 

97 

Er Gd — Cu 

96 

Y Ru Co Gd 

47 

Tb Pe— Ru 

98 

Co 1 Cr—Dy Ti I 

97 

Os— Gd 

48 

Nil Cb 

99 

Ra— 

98 

Hf Gd 

49 

Ho 



90 

Ru— Ba(R) W 

50 

Ti I— 

4700 

W Ba I— 



51 

Cu Cr I— 

01 

Mn I— Ni 

4600 

Cr V Ni I— Cr I (R) 

52 

Cr I (R)— 

02 

ErGd Tb— 

01 

Gd— 

53 

Gd 

03 

Mg I Gd— Ni 

02 

Li I (R)— Zr Tb Gd 

54 

Ce Ru— Pe I Pe I 

04 

Rh Snj — Cu Fe 


Fe I 

55 

La— 

06 

Cb V— Nd V 

03 

Li I (R)— Cs 

56 

Ir Ti I— Pr 

07 

Mo Fel— Tb 

04 

Tb Sm—Y Ni I 

57 

Pt 

OS 

Cr Mo Cb— 

05 

Afn — La 

58 

Lu Y— r 

09 

Ru— Mn I Nd Gd 

06 

V I Ce—Ev Cb 

59 

w 

10 

Zr I Ti I Pe— V 

07 

Sr I (R)— Pe I 

61 

Ho— Eu Mo I 

11 

Zr 

08 

Rh— 

62 

Cd I— La Mo I Tb 

13 

Cb— 

09 

Mol W 

63 

Co I— La Os Cb Gr 

14 

Ce Ni I— 

11 

Er Fe — Er 

64 

Cr 

15 

Nd Ni I 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). (— ) = O.oA; no dash indicates greater than 0.5A. 
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TABLE III (Continued) 
Pkincipal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

4716 

Tb Pd La— 

4771 

Col— 

4830 

Eu— Mo 

17 

Zr V Mo 

72 

Zr I—U Pel 

31 

Er Ni I— V I 

18 

Cr— Eu 

73 

Mo—Ce 

32 

Sr I V I Dy— Th 

19 

Zr— La 

74 

Th— 

33 

Ru Cb— Dj/ 

20 

Rh 

75 

Dy 

34 

Er 

22 

Zn I (R) Bi Sr I— Bi I 

76 

Co I V— 

35 

Gd— 


Bi Er 

77 

Sm 

37 

Tb 

23 

Th 

78 

Ir— 

38 

Ru 

24 

Nd La ri Cr— Er 

79 

Scl Er— 

39 

Lu Y 

25 

Ce— 

80 

Co I— Ta 

40 

Co I Dy—Ti 

26 

Ba I— 

81 

F Gd— Gd 

41 

Sm Dy 

27 

Dy Cr Mn I— 

S3 

Sm Pr Mn I Gd— 

42 

Er Rh— Tb 

2S 

La Gd— Y Ir Dy 

84 

Sr I— Gd Zr 

43 

W— Os 

29 

Er So I — 

85 

Lu — Sm 

44 

Rh Sm — Ru Tb 

30 

Mg I—Cr 

86 

V I Wi r F II Tb Gd 

45 

Y Dy 

31 

Ti(R) Ru Mo— U Er 


Fe Dy 

48 

Gd Ag Cb Sm — Er 


Dy 

88 

Pd— Zr I 

49 

Eu 

32 

Zr F— Gd 

89 

Cr— Fe Tb 

50 

Th— 

33 

Ru Pe I Bi Cb 

91 

Sm 

51 

Zrl— VI Rh Er 

34 

So I Tb— 

92 

Cr Eu Au Co I 

52 

Y 

35 

Gd 

94 

Os— 

53 

Er—Pt 

36 

Pr Fc I Br 

95 

Er Ir 

54 

Er—Y II 

37 

Ce Cr— Sc I 

96 

Mo V I 

55 

Sr I Ni I— 

38 

Os — 

98 

Rh 

50 

Ti I Ra Dy—Gd 

36 

I ain I Zr I— Tb 

99 

F— Cd I (R) 

57 

Er — 

40 

Ta La Th— 



58 

Th El— 

41 

Sc I Pd Y—Fe Sr I 

4800 

Hf 

59 

Nd— Fel Y 

42 

Ho— Ti I 

01 

Gd Cr— Tb 

60 

La 

43 

La— Gd Sc I Os 

02 

Br— 

' 61 

Er Gd Cr 

45 

Rh Er— Sm Gd Dy Fe 

04 

La F— F Ru 

! 62 

Mn — 

47 

Tb 

05 

Ti I— Zr I 

j 63 

Th— 

48 

-Va— La 

06 

Tb 

i •''G 

V I (10 

49 

Co I 

07 

Gd— VI 

1 65 

Gd— -Nd Os Rh 

50 

Mo— 

09 

La Zr — 

1 06 

Ni I— 

51 

Er 

10 

Rh— Zn I (R) Cb 

i 67 

Eu Co I 

52 

Na I Cr Os Th— Th Y 

11 

Mo Nd — Au I Sr I (R) 

1 68 

Mo Dy Ti l—Sr I 

53 

Sc I— 

12 

Ta 

: 69 

Ru Sr— 

54 

Mn I Co I— 

13 

Co I— Tb 

! 70 

Ti I— Cy 

55 

' Rh 

15 

Ru Zr I Sm <)s 

1 71 

Fe 1— 

56 

Cr Ru L— Ni I U 


Cb— 

1 72 

Er Fe I Sri Kr--Th 

57 

V I W Ru 

1 17 

Pd— Pd 

' 73 

Ni I— 

58 

Ti 1—Mo Cu Gd 

18 

Th 

1 74 

-■Iff— 

59 

Ti I— Er 

19 

Mo h’—Y 

i 75 

Pd V I (R; -TI) 

60 

Mo Sm— Gd 

20 

Er Ti I— 

76 

Sr r Tb Sr I - 

61 

Y r Er Tb~Mn I 

21 

Gd 

I 77 

Ba 1 

62 

Tb Mn I— Er Zr 

22 

F— 

78 

Ca I h'e 1 Er - 

63 

Os — 

23 

F II— Mn I 

79 

Pt Er 

64 

Cr— 

24 

La Zr I— 

SO 

y 

65 

Mnl 

25 

Dy Nd— Ra I 

81 

Tb— V I (R) Gd 

66 

Mn I— V I La 

27 

VI— 

82 

Ce — Co I 

67 

Gd— 

28 

Zr— Dll 

83 

Zr Y II Er S?n 

69 

Ru— 

29 

Ni I Cr— Dj/ 

85 

Til Tb— 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than O.oA. 
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TABLE III {Continued) 


Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

1 Wave- 
1 length 

Elements 

4S86 

W 

4957 

Fe I Dy— Fe I 

5016 

Ti I— Cn 

87 

Cu,— 

58 

Ru— Gd 

17 

Th— Xi I 

89 

Dy— 

59 

Zr— 

18 

Hf Ni I Fe II— 

90 

Dy~Cb Fe I 

60 

Eu— 

20 

Ti I— 

91 

Fe I 

62 

Sr I Th Se— Eu 

22 

Dy Tb Fe—Ce Ti I 

92 

Sr I— 

63 

Rh 


Eu 

93 

Y—Dy Ce S?n 

64 

Th Tb— 

24 

Til 

94 

Gd—Th 

65 

Mn — 

25 

Til 

95 

Ru 

66 

Fe I— Co I 

26 

Cb 

97 

Tb— 

67 

Ho— 06 Sri 

27 

V—Dy 

98 

Er— 

69 

Gd— 

28 

Th Er 

99 

Os Dy C7— Co I Ti I 

70 

Th La It— T b 

29 

Eu 


La Ba II 

71 

Ce Sr I Ra Pd Li 1 

31 

Sc— Os 




Col 

32 

Dy 

4900 

Er Y 11— V Eu 

73 

C6— 

33 

Pt Eu 

02 

Ba I 

74 

Y—Dy 

34 

Cu— 

03 

Ru Ra Cr Fe I — 

75 

Ti— 

So 

Ni I— Ti I 

04 

Co V Ni— Lu 

76 

Ru Er — 

36 

Til— 

06 

Y— 

77 

Rh 

38 

Ti I— 

07 

Eu— 

79 

Nal Mo Rh— 

39 

Cb— Ti r 

08 

Tb— 

SO 

Tb Ni Ru—Tb 

40 

Hf 

09 

Zr 

81 

Til Ir 

41 

Fe r Ra—Ca I Fe I 

10 

Sm — 

82 

Ra Y II— Fe W 

42 

Er Tb Nil— 

11 

Eu— 

S3 

Fe Na I — Fe 

44 

Ce Pt Sm— 

12 

Th Znll Os 

84 

Ni I— 

46 

It— Z r 

13 

Ti I 

85 

Fe— Fel .Hn 

48 

Nil 

15 

Tb 

86 

La Tb 

49 

Th Fe 

16 

Hg I Dy— 

87 

Th— 1 

50 

Gd 

19 

Fe I (Sw— Th Pd 

SS 

Cb :i 

51 

Fel 

20 

Fe I Wd La 

91 

Til— I; 

53 

Dy W— 

21 

Ru— Th La 1' 

92 

Er— il 

54 

Tb—\y 

22 

Dy Cr— 

93 

Tb ;! 

55 

Th— 

23 

Dy— 

94 

Lu Fe 1—Zr j! 

57 

Ru— 

24 

Zn II Tb—Fe Cb 

95 

Tb !| 

58 

Ch—Th 

25 

Er — V 

97 

Tb i| 

59 

Pt— Mo 

28 

Co I— Tb 

99 

Gd La— Ti I Ir 

63 

Pd— 

30 

Gd 



64 

Rh—Au I Ti [ Zr 

31 

Tb Er 

5000 

Nil Er— il 

65 

Fe Zr—Th 

34 

Ba II (ID— 

01 

Til Lu— Fc ii 

67 

Th 

35 

Ni I 

02 

Ir !! 

6S 

In r Fe I 

36 

Cr Ta Ti I— 

03 

Dy 

69 

W Sm — 

37 

Ni— 

04 

Ir— Mn li 

70 

Y Sc— 

38 

Ir Ru — Gd Fe I 

05 

Pb—Fe ^ 

71 

Sm — W 

39 

Ir— Fe I 

06 

Fe I W— F i| 

72 

Ru 

40 

Th— 

07 

Ti I Er— il 

75 

Ce— 

42 

Cr— 

OS 

Er i| 

76 

Cu Ru - 

44 

E: — 

09 

Ir— |! 

77 

Er 

47 

Sa— Tb 

11 

Ru— 

7S 

Zr-Tb Cb 

49 

La 

12 

Fel— !' 

79 

Fe I— Ce Fe I 

50 

Mo 

13 

Eu C, — 1: 

SO 

Mo— Ni 

51 

Er 

14 

Ti I— Ru Fe 

81 

Ra Ni— Sc r 

54 

Th Cr 

15 

Ir Od w— 77< 

S3 

Fe I— Sc r 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = O.oA; no dash indicates greater than 0.5A. 
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TABLES AND CHARTS 
TABLE III {Continued) 
Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

5084 

Ni Kl (R) — 

5153 

Cu I— Wo I 

5211 

Zr Rh—La 

85 

Rh Sc I Cd I (R) 

54 

Cdl 

12 

Rh Co I Er 

87 

Sc I Y II— 

55 

Ru Dy Zi—Rh. Ni 1 

13 

St — • 

89 

Tb— 


Gd 

14 

Cr— 

90 

Dy—Rh Fe 

56 

Sri— 

15 

Eu Er Fe I — 

92 

Gd— 

57 

Rh— 

16 

Fe I— 

93 

Ru 

58 

Zr—Rh 

17 

Fe I— 

95 

Th Cb— 

59 

Ra 

18 

Cu I Er— 

97 

Fe Ra~K J(R) 

60 

Eu Cb— 

19 

Pr Gd— Ti I 

98 

Fe 1 

62 

Fe— 

20 

Cu I Pr Ni I — ■ 

99 

So Ni I A’ J(R)— Ni 1 

63 

Pd 

22 

Sr— Rh 



64 

Cb— Er 

23 

Eu — Ru 

5100 

Cb Sm — 

65 

Dy — 

24 

Ti I W Or Ti I 

03 

Gd As — ■ 

66 

Cr Fe I — ^Eu Dy 

25 

Sr— 

05 

Cu 

67 

Mg I (R) Fe I— 

26 

Ti II Fe I 

06 

La— 

68 

Nil Pel 

27 

Fe— Pt 

07 

Ru Fe I — Fe I Dy 

69 

Dy 

28 

Tb— 

08 

Gd 

71 

Ru Ld — Fe I 

29 

Sr Er — 

10 

Pr Pel— Pd Pr 

72 

Mg I (R) Er Mo I 

30 

Co I Aw— Rh 

11 

Cu 

73 

Mo— Ti I (R) Pr 

32 

Cb Fe I 

13 

K HR) 

74 

Mo I— 

33 

Th— 

13 

Ti I— 

75 

£a Rh 

34 

V La— Pd 

14 

Eu Pd — I/ii 

76 

Co Gd— Ni Ir 

35 

Co— 

15 

Ni I— 

77 

La— 

37 

Rh Cb— 

17 

Pd Ce—Mn 

80 

Cb— 

38 

Mo I— Sr Ti Ir 

19 

y II— 

81 

Hf Zn 

39 

So 

20 

Dy Cb Ti— 

82 

Znl— 

40 

y Mol 

22 

Co I La 

83 

La— Mg I (R) 

42 

Ru Fe— 

23 

Y— In Fe I Nd 

84 

Rh— CV 

46 

Er — 

25 

Ni I— 

86 

Tb—Cb 

47 

Cr I (R) Th Co I 

26 

Col 

87 

Ce— 

48 

Tb 

27 

Fe I Er — 

88 

Ti II Ca I Er 

49 

Nd 

28 

V 

89 

Cb— 

50 

Pel 

29 

Eu Till Nil— Pr 

91 

Yel—Zr Ce 

51 

Gd— Ru Cb 5m 

30 

Nd 

92 

Fe I— Nd W Ti I (R) 

52 

Ti I— 

33 

Co— Eu Ee Er 

93 

V Cb Rh— F 

53 

La — 

34 

La— Cb 

04 

V Fe I 

54 

Tn I— 

35 

Lu Pr Y— 

95 

Ru Pr Fe—Cb 

! 55 

Cr Mn Nd— Ti Er 

36 

Ta — ^Ru 

96 

y Gr— Mil 

i 56 

Pd— Sr 

37 

Ni I Fe— 

97 

Mn—Dy Gd 

i 

Er Ru— Co 

38 

V— 

98 

Fel 

58 

Sc — ■ 

39 

Fe I Fe I — Dy 

99 

Eu 

59 

Mo— Pr 

41 

Ca 



60 

Ca I— Dy Mn 

42 

Fe I Ni I Ru Fe 1 

5200 

Y II— 3m 

61 

Ca 

45 

Mol La Til— 

01 

Pb— 

1 62 

Tb Ca— 

46 

Ni I —Co I 

02 

Fe I— Os 

63 

Fe I— Pr 

47 

Ru Ti I— 

04 

Cr I (R) 

64 

Cr I (R) Ca I— 

48 

Th—V 

05 

YII 

65 

Os— Ca Cr I (R) Ti I 

49 

Na I Er— Os 

06 

Cr I (R)-~Er Pr 

66 

Co Eu Co I— Fe I 

50 

Pel 

08 

Cr I (R)— Pe I Pd 

67 

Ba I— 

51 

Ru— Th Pci 

09 

Agl (R)— 

68 

Co I— 

52 

Ti I— 

10 

Ti I (R)— 5c 

1 69 

Rh— Fe I 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than 0.5A. 
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TABLE III {Continiied) 

Prlncipal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Eleiiients 

5270 

Ca I Fe I— 

5337 

Cd n— 

5402 

Ta Lu Eu r 

71 

La Sm — -Cb Eu 

39 

A' I (H) Fe I 

03 

Stfi 

72 

Dy Er 

40 

La It 

04 

Fe—RJa 

73 

Fe I Nd~Ir 

41 

Fe I Mn I Sm Co — 

05 

Sm— Fe I 

74 

Ce— 

42 

Co Sc I 

06 

Ra 

75 

Ct I— 

43 

K I (R) Co — Er 

07 

Mn I— Co Zr 

76 

Er CrI Co Cb— 

44 

Cb Er — 

09 

Ce— P Cr I 

77 

Th— 

45 

Pd— Cr I 

10 

Fe 

79 

Er— Afo 

48 

Er Cr I—ir 

11 

Ni— 

80 

Cr U—Co I 

49 

Sc I Ca — Mn 

13 

Gd— Mn 

81 

T5— Fe I 

50 

Gd TI I (R)— Cb 

14 

Er 

82 

Ti I— Stw 

51 

Ti— 

15 

Fe V— 

83 

Ti I— Fe I Gd 

52 

Col— 

16 

Os — (Os 

84 

Ru — 

53 

Gd V Co— Ce 

18 

Ru 

85 

Zr Cb— Sc 

54 

Rh— Tb 

19 

Dy — Er 

89 

FII 

55 

Eu — 

20 

Mn I— 

90 

La 

,56 

Sc Rh— .Yd 

21 

Lu 

92 

Rh— Cu Pr 

57 

Eu La 

22 

Er 

93 

Nd— 

59 

Co — K I (R) 

23 

Dy- 

94 

Pd— 

60 

Mol 

24 

Rh Fe V Tb F 

9,5 

Pd Ti I 

61 

Nd — Eu Ru 


Ni I Rh 

96 

Cr I Zr 

62 

Zr Pd Co Rb I 


Rb— n 

97 

Ti I Cr l—Cd I Cr I 

64 

Mo I h—Fe 

26 

Ti— Dy Eu 

98 

Hf Pr Cr I Ti— Os 

67 

Fe— 

27 

Ru 



68 

Sm—Er Pt 

: 29 

: Ti— Fel 

,5300 

Cr I 

69 

Co I Ti Tb Fe 

31 

i Xd Rbl 

01 

Pt Co I— Dy Gd La 

70 

Gd 

: 32 

Mnl 

02 

Er Fe I — Ta La Ba 

71 

Ni Fe I— ; 

1 34 

; Fel 

03 

La 

73 

Hf j' 

i 35 

1 W Pd— Th Ni I 

04 

Ru 

75 

Sc— Tb 

! 37 

1 Cb— .Ifo Lu 

07 

Gd— 

76 

Os Eu 

! 38 

I Y— 

08 

Zn I 

77 

La Mn—Mn Ru Tb j 

1 -11 1 

i Rh— 

09 

Dy Ru — 

79 

Rh— 

! 43 ; 

Os— 

10 

Zn l—Zn I 

SO 

Y Dy La 

; 44 1 

Co— 

11 

Zr— Hf Dy 

81 

Pr—La i 

45 1 

Rh— 

12 

Pd Co 

S3 

Fe— 1 

1 1 

Sc — Fe I 

14 

Rh 

85 

Zr— Ru 

1 ■ 

! Ir 

16 

Gd 

86 

Cr : 

i 50 ; 

Sri 

18 

Cb 

87 

Cr j 

' 31 

Dy— Eu 

19 

Tb— Nd 

88 

Mn 

i 52 

Eu 

22 

Pr 

89 

Ta Gd— Dy i 

i 

Sm— 

23 

K 1 (.R)—Ag 

90 

Ti Rh— Pt Ir : 

1 -54 

Er — I t Co Ru 

24 

Fe l—Dy 

91 

Cm i 

1 55 

La Dy— Fe I 

25 

Th Co— 

92 

Sc— Eu i 

1 56 

Ru— Er 

28 

Fe I Er Cr I— Fe 

93 

Fe I Ce— Gd 

1 57 

Mn I— 

29 

Cr I— Rh Cr I .4ff Sr I 

94 

Mn I Pd 

1 59 

Tb 

30 

Ce 

95 

Pd — Dy Er 

: 60 

Hg r iH) 

31 

Co I— 

97 

Ti Fe I— ! 

i 61 

Ta— 

33 

Gd— 

99 

Mn i 

j 62 

Er Ni— T/i 

34 

Er— Ru Cb 


! 

63 

Fe Hf— 

35 

Ru 

5400 

Ita. j 

64 

La— 

36 

Ti 

01 

Ru Ru — ! 

1 

ii 63 

11 

Mo Ag I — ■ 

1 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — ) = O.SA; no dash indicates greater than 0.5A. 
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'FABLl'] Hi (Continued) 
I’itl.Ntm'AL r^lMKS BY WaVJBLBXGTH 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

W^ave- 

length 

Elements 

6466 

Fe Y— Sru 

5521 

Y Sri 

5577 

Eu F(R)— 

07 

Fm — ■ 

22 

Ce— Pr 

78 

Ru — Ni I 

68 

r— 

23 

Co— Os Cb Aa 

so 

Eu— Os 

69 

Gd Pr 

24 

Tb Pr— Co 

81 

U Y(R) Ca 

70 

Tb—Mn I Ph 1 

25 

Tb Pt 

83 

Gd 

71 

Ti I— Ag I 

26 

Sc 

84 

Os— V I 

72 

Ce Eu— 

27 

Y(R) XT 

86 

Fe I Cb 

73 

Mo Y — jBa Fe 

2S 

By TI r Zr Mg I— 

87 

Ni I 

75 

U Pt 

29 

Pd— 

88 

Sm. Xa(R) — 

76 

Fe Lu Ni I 

30 

Col 

90 

Cal— Col Cb 

77 

Co 1 Er—Ti I IP 

31 

Pr— 

91 

Gd 

78 

Sot— P t 

33 

Mo I— .Vd 

92 

Ni I VI— 

79 

Ru— 

34 

Sri 

93 

Ba Pr— Ni I 

80 

U Ru— Y” Sr I 

35 

Rh Gd P>)— Ba I (R) 

94 

Gd—Ca. I Pd 

81 

U Mn I Ti I— Ti I Sc 


La Cu 

97 

U— 

82 

La— 

37 

Sm— Mn I 

98 

Et Ca Ce— Cdl 

S3 

Co I— Co I 

39 

Th 

99 

Bi ■Rh—Sb 

84 

Rh Ru — Sc 

40 

Sri 



85 

Stn — Nd Er 

41 

ia(R)— 

5600 

Ni I — Dy Sm 

86 

Sr I— 

42 

Pd 

01 

Er Ca 1 Ce — ^Pd 

87 

Fe V 

43 

Sri— 

02 

Sh—Nd Ca Pel 

88 

Ti I— Eu 

44 

Rh Y (7d Pr 

04 

Th—Cd I V I 

89 

Co 

45 

Ag 

05 

Pr Dy 

90 

Ti Sb—Sm 

46 

F— 

06 

r— 

91 

Y— 

47 

Pd V Dy Eu— 

08 

Pd Rh— P6 

92 

w— U 

48 

Gd Nd—Sm 

10 

Pr—V Mo 

93 

F— Sm Mo 

50 

Sm(R)— Hf 

11 

Mo 

94 

Nd— 

51 

Cb— Mn 

13 

Dy— 

95 

Eu— F 

52 

Hf Bi— 

14 

Nd—Ce Ni I 

96 

Ru Pd 

53 

Ho Sr— 

15 

Fel 

97 

y— Pel 

M 

Tb—Fe Cu Tb 

17 

Gd 

98 

Sin 

56 

Ra 

19 

Pd— 



56 

Sb Mo Tb F(R)— 

20 

Ir Zr— Nd 

5500 

Oi— 

57 

-41 1— A1 I 

21 

U Sm 

01 

La(R) Pel— 

58 

Co 

22 

Eu— 

02 

Zr— 

59 

Gd Ru i 

23 

Pr— 

03 

Y TF— Ti I 

60 

Gd 

24 

Fe I VI 

04 

Sri— Cb Rh 

61 

Nd— 

25 

Ni— Ir 

05 

Ta Er Mn I 

62 

Pr— 

26 

Sm V I — Er 

06 

Mol Pel 

63 

Fe 

27 

Dy— VI 

07 

V 

64 

U Th— 

28 

Cr 

09 

Pr Os— Tb Y Ni I 

65 

Ti I— Pe Th 

29 

Cb—Gd 

10 

Eu Ru 

66 

Ho 

30 

Y(R) 

11 

V 

67 

ilfn 

31 

La—W Sb 

12 

Ce Sm— Ti I Cb Ca I 

68 

Sb La— 

32 

Gd Mo I— Eu ' 

13 

Pr 

69 

Ru—Yel Nd 

34 

u— 

14 

Pt Sc Ti 1—Tb Ti I W 

70 

Eu Mo I— U 

35 

Cs— 

15 

By- 

71 

Pr 

36 

Co Ru — 

16 

Bra Tb — Mn I 

72 

Eel 

37 

Ni Cd— Co 

IS 

Ta 

73 

iSm — Mn 

38 

Pe— Pr 

19 

Ba I (R) — Sm 

75 

Er 

39 

Dy Th Sb 

20 

Sc 

76 

Fe I Cb— 

40 

Ho Sell 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) == O.oA; no dash indicates Kreater than 0.5A. 
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TABLE III (Contmued) 

Principal, Lixes by Wavelength 


Wave- 

leugtli 

Elements 

Wave- 

length 

Elements 

Wave- 
i length 

Elements 

5041 

Dy 

5700 

Sc I Cu I Rk — 


Pr— 

42 

Cb— Pd 

01 

Gd— Pe 

57 

Er 

43 

Gd— 

02 

JVe2 72 m Cr— Ti I Dy 

58 

U— 

44 

Sm Ti I— y(Il) Gd 

03 

VI(R) 

59 

Sm Pd 

45 

Eu Ta 

05 

Mo 

60 

Cb—Th Ni I 

46 

Dy V I— 

06 

Sm Cb— r(R) Ho 

61 

LaCRI 

47 

Co— 

07 

VI (R) ThSb—FrDy 

62 

Ti— Er 

4S 

726 1 La W r(R)— 

08 

Nd Ti I— Sc I 

63 

Fe—Pt 

50 

Mo I— 

09 

Ir Pc I Sr Gd—m I 

64 

Cb 

51 

Dy 


Ini 

65 

Os Eu— r 

54 

725 1— 

10 

Er Sm 

66 

Ti— Dy 

55 

Ce Pd— 

11 

Mg I— So I Ni I Ti I 

67 


56 

Sm — Au 

12 

La — Sc I Cr Ru 

68 

Ir Ce 

57 

V I— Sc n 

13 

Ba 

69 

LaCR) LafR)— Hgl 

5S 

Fel 

15 

Ni I Ti I Ta— 


Er LafR) 

59 

Co — Rfi Sin 

16 

Cb Ti I— 

70 


60 

Ra W Sb 

17 

Sc 1—Fe 

72 

Zal— 

62 

Ti 1—Fe Ti I Y(R) 

18 

Nd Mn Dy— 

73 

Ce — Sm 

63 

Cs I (R) 

19 

Ce Hf— 

74 

Ti— S6 

64 

Zr Cb Ta 

20 

Mn Ti I— 

75 

Fe Lu — Zn I 

65 

72m Er — CIj 

21 

Sm — Os Gd 

76 

Gd—\ Ta 

66 

Ag — 

22 

Mol 

77 

Zn I— Ba I (R) 

67 

Tb 

23 

U 

78 

Ir Sm — 

68 

VI Fr—Nd 

24 

Sc I — 726 I Gd Ru 

79 

Sitt Pr — 

69 

Sell U—Ce 

25 

Ir—V Ru Ce j 

1 SO 

Mn— r Ta Os 

70 

Pd— V 

26 

Nd 

81 

Cr — Y Cr Sm 

71 

Cb Dy — La Sc I 

27 

VI (R)— VI 

82 

Cu I— Ru K I (R) 

73 

Eu 

28 

Inl—Dy Y 

83 

Cr — Eu Cr 

74 

W— Ho 

29 

Cb Nd— 

84 

Cd— 

75 

Y Ti I—Na I Nd 

30 

Sb— ! 

85 

Cr Tb Pr— Cr 


Hg I 

31 

V— Su Fe 

86 

Ti V Pr— 

77 

Dy Ce 

32 

Cu — Sm 

87 

Sm — Cb Cr 

79 

Ru 

33 

Gd 

88 

Ce Sm— 

80 

Ba— Zr I 

34 

V— 

89 

La(R)— 

81 

Pr 

35 

W— 

90 

Hg I (R) 

82 

Ho Ni Cr— Nal 

36 

Ir— Lu Pd 

91 

Pr Er La(R) Gd— 

84 

Sell— 

37 

VI— 


Mol 

85 

Dy Tb 

38 

Sm Mn — 

92 

Rb 

86 

Rh — Sm Sc I 

39 

Er Ti I— Pd Ti 

94 

Cb— 

87 

Pr Jr — Sm 

40 

Py— La(R) Nd 

95 

Tb Rh 

88 

Na I Pr Nd— 

41 

Fe 

97 

W 

89 

Mo I Ti I— 

42 

Nd— Bi 

98 

La(R) Zrl 

90 

Pd— Pv 

43 

Sm V I— Ce Y 

99 

U 

91 

Sb U Ho— 

44 

La(R)— Tb 



92 

Pb— 

43 

Ru 

5800 

Eu Ba I — Sm Os Lu 

93 

Sr — - 

46 

Gd— 

01 

K I (R) 

94 

Cr Ni 

47 

Ru— Tb 

02 1 

Sm 

95 

Pd— 

48 

Sm — 

03 

Tb Rh— Hg I 

96 

Gd— Sw Ce 

49 

Nd W Th Gd— 

04 

Nd Th Ra Ti CV— W 

97 

W 

51 

Ho Mo I C6— Gd 

05 

Ni I — Dy BatR » 

98 

Cl— V I (R) 

53 

Fe — Sii 


La(R) 

99 

Co— 

54 

Gd— Ni I 

06 

Rh Ir 


Intensity (Ba 10 tn S; Cs 7 to 5; Sn 4 to 2). (— ) = 0.5A; no d:ir.l. indicates sveater than O.a A. 
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TABLE III {Continued) 

Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

5807 

V— 

5868 

J)y — Sm Pr Nd 

5930 

Fe— Pr La(R) 

08 

La(R)— 

69 

Mo— 

32 

Sm Ru Ru — 

09 

Gd— 

70 

Gd—Th Tb 

33 

Ho 

11 

Ta— -Vd 

71 

Sm — Cb 

34 

Cb Ce—Fe 

12 

K I (R)— Ce 

72 

Er Ir— 

35 

Col— 

13 

Ra II 

73 

Eu Ir— 

36 

La — 

14 

Ski Ru 

74 

Sm. — C6 

39 

Sm — Ta Pr 

15 

Pr Cb Th— 

77 

Gd To.— Cb 

40 

Ce 

16 

FeSr Mn 

78 

Pr— 

41 

Rh Ti I 

IS 

Pr Eu Ba I 

79 

Pr— Zr Y 

44 

Ta— 

19 

Cb— 

80 

La(R) 

45 

r Ir Dy 

20 

Pr 

81 

Er— 

46 

Co 

21 

Rh Y La(R) 

82 

Ta Ir— Ho 

47 

w 

22 

Pr 

83 

Fe 

48 

Ho— Si I 

23 

Pr Lo(R) 

84 

Cr— 

60 

Y— 

25 

La— Nd 

86 

Er 

61 

Pr— 

26 

Ba I (R)— Er 

87 

Ir— 

52 

Fe 

28 

Ru — Ir 

88 

Mol— 

53 

Ti I— 

29 

La(R) 

89 

Na I (R) 

55 

Ho 

30 

Co — V Eu 

90 

Co— 

56 

Pr Pel 

31 

Rh Ni 

92 

Pr— Ho Ni I 

57 

Au— 

32 

K I (R) F— 

93 

Mol Cb— 

i 58 

Er 

33 

Ru— 

1 94 

Ir Znll— La(R) 

61 

Th— 

34 

Cb 

95 

Pb Mo I Na I (R) 

64 

Ba 

35 

Pr~ 

97 

Sm — 

' 65 

Sm Ti I W 

36 

Sm — 

98 

! Tb Sm 

■ 66 

Eu — 

37 

Aul—V 

99 

Ti I 

1 67 

Eu Tb— 

38 

Cb 



j 68 

Sc — Sm 

39 

Ho— 

5900 

Cb 

! 69 

Sc— 

40 

Pt— 

01 

To 

} 70 

Sr I Sn — 

42 

iVd— Cb Tb 

02 

Er— .S'm Hf Y 

1 71 

U Bal 

44 

Sb 08(R) Pt Pr 

03 

Sm Os 

; 72 

Ho Eu 

45 

La(R) V— 

04 

Gd—Gd 

! 73 

Ru— T/i Ho 

46 

Ir V— 

06 

Er— Nd 

ii 74 

Dy 

47 

Pr— 

07 

Rh—B& I 

ii 75 

Th Fe—Ce 

4S 

La (R)--Mo Mn 

; 09 

Er-Nd 

!; 76 

U— 

49 

Mo 

10 

Ce— 

l! 78 

Ti 1 

50 

Er—Pr 

12 

Sh—Sni 

1^ 81 

Co 

51 

Tb— Mo Gd 

1 13 

Gd 

82 

Ho 

53 

Ba II (R) U 

i 

Fe Th— 

Ii 

Nb — Rh Lu Jr 

55 

Er — La(R) 

15 

Dy U— Co Eu 

!i 

Lu Co 1—Fe Dy 

56 

Gd—Pr 

16 

Fe— 

ii 86 

U— 

57 

Ca— Ni I Os 

17 

La 

II 

Mo Sc— 

58 

Mo l—Nd 

; 18 

Rh—n Ta 

j 89 

Th— 

59 

Hg 1—Th Pr 

19 

Ru Sm — 

Ii 91 

Rh—Ca 

60 

Ho Sm—Lu Pt 

20 

Pr 

i! 92 

Eu 

61 

Tb— 

21 

Sm Ru — Ho 

11 93 

Ru 

62 

Ce Fe—.\u 

22 

Ti I— 

ii 94 

Nd 

63 

La 

23 

Sm — 

j, 95 

Os 

64 

W 

j 25 

Sn—Th 

|i 96 

Nd— Ni 1 

66 

Ti I— Cb 

26 

Mo I— 

97 

Ba I (R) Lm Ta I'— 

67 

Co Sm 

28 

Ce— Mol 

l| 

i; 

Cb 

i 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). (— ) = 0.5A; no dash indicates greater than 0.5A. 



PRINCIPAL LINES BY WAVELENGTH 
TABLE III (Continued) 


Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

5999 

Ti I 

6059 

Pb 

6122 

Ca I (R)— Co 



62 

Ho 

23 

Hg — Ce 

0000 

Co 

63 

Ba I (R)— 

24 

Eu 

02 

Pb Ho— 

65 

Fe — 

26 

La(R) Ti I— 

03 

Fe— 

66 

Xd— 

97 

Zr I— Fe 

04 

Eu — ^Lu Gd 

67 

It 

28 

Rh ir— Cdl 

05 

Sb— 

6S 

Lam 

29 

Ba— La(R) Sb 

00 

Co Fr—Er 

69 

Sn Ce— 

30 

Pd 

07 

Ni I La — Xd Co }’ 

70 

Sm — Co Rb I 

33 

Ho Dy 

OS 

Fe Dy 

71 

Nd 

34 

La(R)— Zrl Bi 

09 

Y— 

72 

Hg I 

35 

V I— Cr 

10 

Cs I— Dy 

73 

Th — Sn .Vd 

36 

Fe 

11 

Pb 

75 

Eu 

37 

Fe 

12 

Ni—En ir 

76 

Er— 

38 

YI— 

13 

Ce— Mn I 

77 

U— 

41 

Ba II iRj Ir 

14 

Gd— Sr 

78 

Mn Fe— 

43 

Zr I— 

15 

Th — Er Os 

79 

U—Mo Sb 

44 

Os 

16 

Pr Mnl 

SO 

Gd— 

46 

Se— 

17 

Nm— Pr 

81 

VI— Ho 

48 

Cb— 

IS 

Eu— 

S2 

Co — 

49 

Sm Xd—Sii 

19 

Ba I (B )— 

83 

Ba — Eu 

50 

V I— 

20 

Ta 

S4 

Lu Sm — 

51 

Fel 

21 

Ho— If Mnl 

85 

Dy Ti I— 

52 

Th— 

22 

Er 

86 

Ni I— Co 

54 

Xa I— Sn 

23 

Eu Yl— 

87 

Th— ! 

; 57 

Fe Xd 

24 

Fe Ce— 

88 

Y Dy— j 

I 58 

Os Dy — 

25 

Mo 

90 

Cu V I (R)— ! 

: 59 

Sm— Rb I 

20 

Pt Ir Sc I— 

91 

Ti I Sm— : 

! 60 

1 Lu— Nal 

27 

Fe~ 

93 

Co I— 1 

: 91 

Pr Cal— 

29 

Eu— 

1 97 

Sb I 1 

1 62 ' 

I Ca 1 (R) Os — - 

30 

Mo I 

1 98 

C«— Ti i 

1 03 

; Ni— Co I 

31 

Xd cd r— 

11 99 

Th Cd I Eu— j 

i 64 

i Cb —U 

33 

' Xd — 

j 


j 65 : 

■ Fe—Dy Liii R) Pr 

34 

Cal Xd — 

1 6100 

Co i 

i 66 ! 

> Ca I— 

30 

Ir 

01 

Mo \ 

68 : 

Dy— 

37 

Sn 

02 

Fe—RhCrCuim 1 

j 69 1 

Ca I— Ca I 

3S 

La(R) Tb 

03 

Zii II Li I (R) j 

1 70 : 

Er V I Xd—Pd 

39 

V I 

04 

Th— Lu Th j 

i 71 1 

Sn— U 

41 

Lu 

05 

Co— 1 

i 72 1 

Pt U 

43 

Ce— 

06 

Tb— 

! 73 

Eu Fel— 

44 

PA- Eu 

07 

Co ! 

75 

Nil— 

45 

Sm Ta Sm —Cb 

08 

Ni I Eu Xd La(R)— 1 

76 ; 

Pd— Ni 

40 

Pr 

10 

Pb Ir Sm Ba I (R) 

78 

Nd Eu 

47 

Ta— 

11 

Ni— Cdl VI La(ll) j 

SO 1 

Cd— 

49 

Co — Eu 

12 

Th j 

SI 1 

Co I— 

51 

U 

13 

Dy \ 

S2 

Th 

53 

Xi I 

14 

Gd— : 

; S3 

Zn 

54 

Sn 

16 

Cd I Ni I— Ru Co I 1 

; So 

Hf— 

55 

Lu Pr — Fe 

i IS 

Eu 1 

; S6 ■ 

Ce— Ni I Rh 

56 

Cb 

i 

V I(R) Cu 

! ss 

Pd Eu— Co I 

57 

Ce 

! 20 

Th \ 

, 

Ni I— Fe Ho Y I 

58 

V I— 

i 

Zr 

; 93 

; Co 






■ 


Intensity (Ba 10 to S; Cs 7 to 5: Sn 4 to 2). ( — ) = 0.5A; no dash indicates areater than 0.5A. 
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TABLE III (Continued) 

PRiNciPAii Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

0195 

Eu Lu — 

6259 

Dy— 

0319 

Rh 

96 

Dy — 

60 

Dy— 

20 

Co La{R)—Si 

99 

O I Rii Hu— Lu Rh 

61 

Th Ti I Cr— 

22 

Fe 



62 

Sc Eu La(R ) — Er 

25 

Ta Cd I Cm— L a(R) 

0200 

Fe Ra— 

65 

Fe l—Mn 

26 

Er— V Pt 

02 

Cr 

66 

La— 

27 

Cr — Sm N i I 

03 

W S7l 

67 

Sm — 

29 

Cd I 

04 

Nil 

68 

Cw— Ta VI 

30 

Cr I— Ru 

06 

Rbl— 

69 

Oa— 

31 

Tb 

09 

Ce— 

71 

Dy Co — 

32 

Sb Th— 

10 

Sc I 

72 

Ce — 

33 

Rb Sb— 

11 

Co /r— V 

73 

Co— 

34 

Jr—Tb 

12 

Dy 

74 

Th—Vl Eu 

35 

Fe I— Eu 

13 

Cs I Ch Fe I— V I 

75 

Co— 

36 

Ti l~Fe I 

14 

Sh—Zn II 

76 

Sc I— Co I 

39 

Ni I Zn— 

15 

Fe Ti I V— 

77 

Rh 

40 

Svt — Co 

16 

Pt VI— 

78 

Au I— 

41 

Nd— Ba I (R) 

17 

Csl 

79 

Sell 

42 

Tk 

19 

Fe I— V(R) 

SO 

U—Fe I 

43 

Dy— Ce 

20 

Ti I— 

81 

Ta Pr— 

44 

Mn Fe — 

21 

Er >S&— Lu Ch 

82 

Col 

45 

Zr Lu — Sr I Sb 

22 

Y I 

83 

Pt 

47 

Gd Et — Co 

23 

Nd Co I— Ni I 

84 

Sc I— 

48 

Th 

24 

V I 

85 

V I— IF 

50 

Eu— 

25 

Ru— 

88 

Ir— P< 

51 

Pr Co— 

27 

Os 

89 

Gd 

54 

Ho— Cs I Lu 

28 

Lu — Ce 

90 

Fe 

55 

Fe — Eu 

30 

Fe VI 

91 

Eu — Dy 

56 

Ta— 

31 

Co I— 

92 

W Tb—Vl 

57 

IMo Sm— 

32 

Co Ce — 

93 

Sc U—La(R) 

58 

La—Th Fe I 

33 

V I— Eu 

94 

Sm 

59 

Pr U— 

34 

Ho Bg I— 

95 

Ru — Ce 

60 

Ni I Ta 

35 

Ba Lu P6— 

96 

La(R)— V I 

61 

Nd— 

37 

Sm 

97 

Fel 

62 

Nd Zn I— Cr I 

38 

Znl— 

98 

Rbl U 

i 63 

Sri 

39 

Zn I— Sc I 

99 

Er — Zr Eu 

65 

Lu 

42 

Lu— V I 



66 

Ti I Ni 1— 

43 

Cu V I— 

6300 

Ce— Sc II 

68 

Sm — ■ 

44 

Nd— 

01 

Fel 

69 

Eu— S?- 1 

45 

Sc n 

02 

Fel 

71 

Ce— 

46 

Fe 1—Sm 

03 

W Eu— Ti I Tb 

72 

U— Ho 

47 

Co— 

04 

Th— 

76 

Rn—Th 

48 

Lu 

05 

Gd Ho— Sc I (d) 

78 

Ni I— C Sc I Mn 

49 

Co La(R) Sc 

07 

Sm — 

79 

U 

51 

Cb V I 

08 

Er 

80 

Sri Fe 

52 

Fe 

09 

Ta 

81 

Gd— 

53 

Rh 

10 

Ce— Nd La 

82 

Nd Mn—Ru 

54 

Fe— 

11 

Co — 

83 

Eu 

55 

Ho 

13 

Zr Co — 

84 

Ain Ni 1 

56 

Fe Ni I— Ta Sm V I 

14 

Co— Ni I 

85 

Nd— 

57 

Zr— Co 

15 

Fe— 

86 

Hf— Sr 1 Co I Sm Dy 

58 

Ti I— V I Nd Ti I Sc I 

IS 

Fe Ft— Mg I 

88 

Er Sr I Sb— 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indicates greater than O.oA. 
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TABLE III (Continued) 

Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wax-e- 

length 

Elements 

C3S9 

Ta— U Sm Nd 

6455 

Co Ir—Pr Ca 

6525 

Sc 

90 

Ru La(R ) — Sm 

56 

La(R)— 

26 

La 

91 

Mo~ 

57 

Th—Eu 

27 

Ba I (R ) Pr— 

92 

Sh Th Ta~U 

58 

Ce— 

28 

Ru 

93 

Ce Pr — Fe 

62 

Co Ca I (R) Th Fe I 

29 

Cr— 

94 

La(R)— 

63 

Co Lu — 

31 

Th V I— 

95 

Co U— 

65 

U— Sr 

32 

IT— Ni I 

96 

Th — Co 1 Dy Ga 

66 

Ce 

37 

Cr 

97 

u— 

67 

Ce—Pr 

38 

TF Gd Os— r 

99 

La— 

69 

Fe— 

39 

n— A'd 



70 

Zt— 

40 

Bu — Pr 

6400 

Pel— 

71 

Zn. Mo — Ca I Ho 

42 

Sm 

01 

Mo — Eu 

72 

Sm — 

43 

U La— 

02 

El Dy— 

73 

Ce 

44 

Cb 

03 

Th Os— 

74 

Mo Cu — Co 

46 

Fe Ti I— Mo Mg II 

04 

TE— Ni 

75 

I^r — Fe Hi 


Sr 

05 

Th 

76 

Bil— 

50 

Tl I Sr— Ho Cu 

06 

Eu — 

77 

Lu Co 

51 

Qq 

08 

Fel Sr— 

78 

Pr— 

54 

Ti I— 

10 

Eu Th — La 

79 

Znl— 

55 

U—Ce 

11 

Pr Cu— U Fe I Th 

81 

Fe 

56 

Ti I— 

13 

Sc I — Th Er Ca 

82 

Ni Ni I Ba(R) 

57 

FI— 


GaCR) Mn 

83 

Eu — Dy 

58 

Sc Sb— 

14 

Nil Rh 

84 

-Sot NI 

60 

Th— 

16 

Th— 

85 

Cu Ta— Nd Mo 

63 

IT Co— 

17 

Sm Ru Co 

86 

Pr Dy 

64 

i Pr Gd 

21 

Cr Fe It Ni— C o I 

87 

Ra — Sm 

65 

Cu 


Dy 

89 

Zi 

60 

Pr 

24 

Mo Tb—Th 

90 

Sb Co — Sm 

67 

Eu 

26 

Sm 

91 

Mn Pr 

69 

i Fe — Sin 

28 

Cr Ru— Ta Nd 

93 

Co Cal 

70 

' Sm Mn 

29 

Pr Co 

94 

Fe 

72 

Nd Ca I Cr I 

30 

Co I— Cb Ta Fe I 

96 

Ru— Ba II (R) 

73 

17 

31 

Pr 

97 

Bi 

74 

Ta 

32 

Nd 

98 

Sm Ba I (R) 

75 

Fe- 

33 

Cb— 

99 

La— Co. I 

76 

es 

35 

YI— 



77 

Th 

37 

Eu 

6500 

Pr 

78 

La 

38 

Te Cdl— 

01 

Cr I— Eu 

79 

Co Dy— 

39 

Cal(R) Co Th— 

03 

Zi—Th U 

SO 

Nd 

40 

Mn 

04 

Sr FI Co— 

81 

Th 

41 

Im Cr— NI 

05 

Ta 

S3 

Er— 

43 

Mn 

06 

Zt — 

84 

Th— 

44 

Pr — Co Ru Lu 

08 

Pd— Co 

85 

Sm — Nd 

45 

W—Zt Nd 

10 

Rh— 1 

86 

Ni I— Cs 

46 

Ra Mo— La Sr Tb 

13 

Ce 

1 87 

Cg I— 

49 

U—Co Ca 

14 

Ta— 

; 89 

Sm 

50 

Co I Ta— Ba I 

16 

Cr Ta— ! 

i 91 

Zr— 

51 

Co I— 

17 

Sb— 1 

ii 

Ni I— Fe 

52 

VI— 

18 

Fe — 

i 93 

La — Rii Eu Th 

53 

Sn 

19 

Mn — -Eu Rh Mo 

1 

Cr 

54 

La Sb 

23 

Lu Pt— 

1 95 

ii 

1 Ba I (R) Pr— Co 

I 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = O.oA; no dash indicates greater than 0.5A. 



360 TABLES AND CHARTS 


TABLE III {Coiiiiniied) 

Pkincipal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

6596 

Ru 

6672 

Cu — 

0750 

Fe— 

97 

Cr 

73 

Pr Ta 

51 

Cr— 

98 

Nil 

75 

Ba I (R3— Ta 

52 

Rh— Gd Zr Fe 

99 

Ti I— Cu 

77 

Cb— Tb Ee 

53 

Y La— 



78 

PF— Co I 

64 

Mo— 

6601 

Er— Sni 

79 

Sin — 

56 

Th— 

03 

Zr— 

81 

Gd — Sm 

59 

Er 

04 

Sm Sc Ho 

85 

Eu— 

60 

Pt— 

05 

Th—Mn I 'l 

86 

Ir— 

62 

Y Zr Cr— 

06 

Ce 

87 

YI 

65 

Dy 

07 

Tb— 

90 

Ru Mo — 

66 

V— Ru 

09 

Fe—Pr 

93 

W Tb— Sm Ba I (R) 

67 

Nt I 

11 

Uo Sb—W Til 


Eu 

69 

Zr— 

12 

Cr— 

94 

Ho— 

71 

Co 1—Ba 

13 

Y II 

96 

Al I— 

72 

Nil— 

16 

La Er Pr 

98 

All 

74 

Ce Ija— — Pd Ru 

17 

Sr Co— 



77 

Lu—Cd I 

18 

Nd 

6700 

Ce Y 

78 

Sm Sb — Sm 

19 

Mo I— 7Vi 

02 

Th 

79 

Za.— 

21 

Ta— C m W 

04 

Ce — 

82 

Eu Sm 

23 

Co 

07 

Co Li I (R) Zr 

84 

P d Co I 

24 

Ir VI. 

09 

La 

85 

V Tb Pi — 

27 

Rh 

10 

Pt— 

89 

Hf— 

28 

Ce Ho 

11 

Lvr-~Lu 

90 

Sin Nd — 

30 

CrI Rh Nd— 

13 

Y— 

91 

Sr I — Os 

32 

Sm Co — 

14 

Til— 

93 

YI Lu 

34 

Gd— 

15 

Cr— 

94 

Sm— Th 

35 

Ni— 

16 

Hgl— 

95 

y II— 

36 

Y- 

17 

Cal 

96 

Rh 

37 

Nd ! 

IS 

Ru— 

98 

Pr 

43 

i>2/— Sr Ni I 

21 

Er 



44 

Hf Th N r 

23 

Sm Cs I (R) -Cb 

6802 

Eu 

45 

Eu — 

24 

Sm 

04 

Nd— 

48 

Pt— 

25 

Sm 

no 

Sb— Os 

49 

Ru 

26 

Fe U 

09 

Col— 

50 

Mo— Nd 1' La 

27 

Th 

10 

Fe— 

52 

Ce 

29 

Os Cr 

12 

V— 

54 

Ba — 

30 

Gd 

13 

Ta— 

55 

Nd 

31 

Sm 

14 

W Col 

56 

Pr 

34 

Mol Sm Cr—Sm 

16 

Eu — 

58 

By- 

35 

Y 

17 

Sc— 

59 

Mo 

36 

Pr 

19 

Hf—Sc 

60 

Pb— 

37 

Nd Sc 

20 

W— 

61 

Cr La — Dy 

38 

Sb 

23 

La 

62 

Th— 

39 

Sc 

24 

Ru— 

63 

Ru Fe— 

40 

Nd— 

25 

Bi — 

64 

Y— 

41 

Cu— 

26 

U 

65 

Ce 

43 

Ti I— 

27 

Pr 

67 

Ir Dy 

44 

Eu 

28 

Cb Gd— Ee 

68 

Ir— 

46 

Mo Mo— 

29 

Mo — Sc Sm- 

69 

Cr— 

47 

Pr— Di/ 

30 

Ir—Pr 

71 

La — Sm 

49 

Pr Cu— 

32 

Y Zr 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) = 0.5A; no dash indinatea greater than 0.5A. 
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TABLE III {Continued) 

PBiNciPAr. Lin'es by Wavelength 


Wax'e- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

6833 

Pd— 

6907 

Hgl— 

6994 

Zr Er— 

35 

Sc— Dy 

OS 

Co y w— 

95 

Sb 

38 

Mo 

11 

KI Ru— 

96 

Gd 

41 

Fe— V 

14 

Mo— Ni I 

97 

Co— 

42 

Ni I— Pt 

16 

Pd Gd Tb Fe 

99 

Ce Fe I 

43 

Fe 

17 

Lu— 



44 

Sn—Sm 

20 

CtL — Gd 

7000 

Gd 

45 

Y— 

23 

Tb Ru— 

01 

Er—Rh Xi I Mo 

46 

Sm—Gd Is’d Zr 

24 

Cr l—Ce Gd 

04 

Col 

47 

Ini 

25 

Crl La— 

05 

Tb 

48 

Er Sm — Mo 

26 

El — 

06 

Gd— 

50 

Pr 

28 

Znl— 

08 

r 

53 

Dy F— 

29 

Ir 

09 

r 

55 

Fe— 

31 

Jlfn— 

16 

Fe Pd— Co I 

56 

Sm — 

34 

W—La 

17 

Dy — 

57 

Gd— 

35 

Cv. 

20 

Sm — 

58 

Fe Co— 

37 

Co 

21 

Pr 

61 

Sm Ti I— 

38 

Er — Zn I 

22 

Pel 

62 

Sm 

39 

KI— 

24 

Nil 

64 

Ta — Eu 

41 

Nd— 

26 

1’ — 

65 

Ba 

42 

Mn Pt 

27 

Co Ru 

66 

Ta~ 

43 

Zn l—Th 

30 

Xi I— Ce 

67 

Ba— 

44 

Er 

31 

Lit — 

70 

Co I 

45 

Fe— Gd 

32 

Co 

71 

V 

50 

Sm Y 

; 34 

Xi— 

72 

Co Sm — 

51 

Fe—Y Er 

! 35 

r— 

74 

Tb— 

53 

Ir 

’ 36 

Bi— 

75 

Ta— 

55 

Ni I Sm— Cs Os 

! 37 

Gd Nd— /r Mo 

78 

Srl— 

57 

Gd 

38 

Fel—Ti 

79 

Rh 

58 

Y La— 

1 39 

Sm Cu — 

SO 

Er — 

59 

Gd— 1 

! 40 

Eu— 

SI 

Pr — Cr I Cu 

64 

IF— 1 

1 -12 

Sm Pr— 

S3 

Cr I— 

65 ] 

Ni— Rh 1 

! 45 

Gd Mo—Th 

S3 

Cr I— 3/0 

66 

Ta—Zr \ 

46 

Cb 

So 

Sm — Fe 

71 

Gd 1 

! 50 

Gd 

S6 

Mo— 

73 

CsI(R)— 1 

51 

Pr—Sin 

87 

y— Gd 3/71 Rh 

74 

V 1 

! 52 

Col Y 

S8 

Zr— 

76 

Gd 1 

i 54 

Co — Gd 

S9 

Th—Cu 

78 

Gd— Cr Fc 1 

! 55 

Dy 

90 

Cu. 

79 

Rh— Crl Y \ 

! 58 

Gd— 

92 

3/0— Sri Pr 

SO 

Pr—Gd Crl Ce 

59 

Ba(R) 

93 

Ir— 

81 

Crl— 

l| 60 

Pd— Os 

95 

U 

82 

Ru— 

:: 61 

Ce 

96 

Tb— 

S3 

Csl— 

' 63 

Xi I— 

97 

Er ; 

84 

IF— Os 

! 66 

La— Nd 

98 

Ce— \ 

85 

Gd 

! 68 

Gd La Fe— 

99 

Ce Dy — Tb 

86 

Ce — 

i 69 

3/1! Gd 



88 

Gd 

1 70 

Sri Cu—Gd 

6900 

In I Nd— Gd 

89 

Mo—Th Mn 

! 73 

Gd 

02 

Tb— 1 

90 

Zr 

' 74 

U 

03 

Eu 

91 

Bi — Gd 

1 75 

Dy— 

05 

Cu 

93 

Th~ 

i 77 

1! 

Gd Eu— 


Intensity (Ba 10 to 8; Cs 7 to 5; Sn 4 to 2). ( — ) ~ 0.5A; no dash indirates grptitcr than 0 .'lA, 
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TABLE III (Continued) 

Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elements 

7080 

Pr— 

7164 

Fe I— 

7252 

Ce Gd 

82 

Hgl Sin— 

65 

Lu 

53 

Os 

84 

Tb Co I 

67 

m I Sr r— 

61 

mi 

85 

Gd 

68 

Gd— 

62 

Gd 

86 

Ru Ce~~ 

69 

Zrl— 

63 

Nd—Gd 

87 

Rn— 

70 

La— 

64 

Y Zn y—Zr 

89 

Ba 

72 

Gd— 

66 

Ni— 

90 

Fel— 

75 

Eu 

67 

Mo I 

91 

Hgl 

82 

Nil— 

68 

Rh— 

94 

Co Pt 

S3 

Ir 

69 

W 

95 

Ni — Zr 

84 

Mn— 

70 

La — Cs Rh 

97 

Zrl 

So 

Cr 

74 

Qd— 

98 

Gd~ 

87 

Fe I— 

78 

W— 



89 

Nd— Gd 

79 

Gd— 

7101 

U Rh Qd 

91 

Y 

SO 

Cs II Rb I Zr 

02 

Co Zr I 

92 

Nd — 


Ba(R)— 

03 

Zrl 

93 

Cm Co 

82 

La— 

04 

Rh— 

94 

Eu Gd 

83 

Mn I 

06 

Eu — 

95 

Ba I— F 

85 

Nd Co— TT-’ 

09 

Dy — Mo I 

97 

Ni I— 

SS 

Nd Fe I 

10 

Ni I 



91 

Ni I Gd— 

11 

Zr 

7200 

W— 

93 

Fe I— 

13 

Co Pt 

01 

Gd— 

90 

TI' 

14 

Pr 

02 

Ca.— 

98 

Nd 

16 

Pd Gd 

04 

Tb— 



IS 

Gd 

06 

Os — 

7300 

Mo— 

20 

Ba— 

07 

Fel— 

01 

Eu Qd— 

22 

Hi I— Gd Mo 

08 

Pr 

02 

Mn I 

24 

Co— 

09 

Ti I— 

09 

Sr I— 

25 

Lu 

16 

Ti W— 

13 

Gd— 

28 

y—u 

17 

Eu Pt 

15 

Co 

29 

m~ 

19 

Cs 

16 

Er—Nd 

30 

Be I 

21 

Lu — 

18 

Zr 

31 

Hf 

22 

Sb 

23 

Nd— 

32 

Cdl— 

23 

Fe 

24 

Gd 

33 

Gd— 

26 

W- 

26 

IV Ca I— Mn 1 

34 

‘ JVfoI Co— 

27 

Pr 

27 

Ni I 

35 

Er 

28 

Ba Pb 

29 

Ce 

39 

Y 

29 

Csl— 

30 

Pb— 

40 

W 

32 

Sri— 

34 

La-- 

45 

Os 

33 

Gd— 

38 

V 

47 

Gd— 

34 

Co — 

44 

Ti I 

48 

Ca — Os 

36 

Kd 

45 

La — 

49 

Pd — Sm 

37 

W—Lu 

46 

Y— 

50 

Ce— 

38 

Ce— Ru 

48 

Mo— 

51 

Mn— 

39 

Pel 

54 

Co I 

53 

Sr — Ba 

42 

Gd— Mo I 

55 

Cr I (R) 

54 

Co I 

44 

Ti I 

56 

V— 

58 

La— 

45 

Mo 

59 

Ba — 

59 

Co Mo Zr 

47 

Mn 

61 

Mo 

61 

La—, 

50 

Co— 

63 

V— 

62 

W 

51 

Os— Ti I 

64 

ni — 


Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2), (- ) = O.oA; no .lash indicates greater timn 0.5A. 
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TABLE III (^Continued) 

Principal Lines bt Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

1: 

Wave- ' 
length i 

Elements 

736S 

Pd— 

7485 

Mo I Ru 1! 

7601 I 

Mo 

70 

Eu Ho — 

86 

Pd li 

02 i 

Os 

77 

Gd~ 

88 

Ba Gd— j- 

03 ! 

Mn— 

81 

IV— Ni 

89 

Co— !, 

09 i 

Csl— 

82 

Cdl— 

90 

Bt— 

10 ! 

Ca Ni Co Ba — 

85 

W Ni Cd I— 

95 

Fe I Rh— Pr ! 

12 

IT — 

86 

Gd Ni Fe— 

98 

La 1 

14 I 

IT— 

88 

Co 

99 

Pr— Ru 

17 

Ni I— 

89 

Fel— 



19 

Rb I Ni I U— 

91 

Mo I— Pd 

7503 

Bi— 

20 

Fe 

92 

Ba I— 

04 

W Mo— 

21 

Ru Sr I Gd 

93 

Nil Ru 

08 

W 

24 

Zn 

94 

Gd 

10 

Au I 

26 

Pr — 

97 

Ce 

11 

Fe I Nd— 

•31 

U 

99 

Gdl— 

13 

Nd 

34 

Co 



15 

Mn 

36 

Ba 

7400 

CrI— 

16 

Nd—Dy 

37 

Co 

01 

m— 

22 

Nil 

39 

Nd 

05 

Sb 

25 

Nil— 

41 

Dy— 

06 

Nd 

28 

Ba— 

42 

Ba 

07 

Os 

29 

Nd— 

45 

Pr Dy 

08 

Rbl— 

31 

Fe — - 

46 

Mn — Dy 

09 

Nil— 

33 

Co U 

48 

Co Sb— 

11 

Fel— 

37 

W— 

50 

Gd— 

12 

Dy — 

38 

Nd— 

61 

Mti 

14 

Nil 

39 

La — 

54 

Ni Er— 

17 

Co I — Ba 

41 

Pr— 

56 

Mo 

IS 

m— 

43 

Dy 

57 

Mol 

22 

Nil— 

47 

Nd— 

62 

Dy— 

25 

V 

50 

TV— 

64 

La—Zn KI (It) 

26 

Gd — Dy 

51 

Mn—Mii 

69 

U 

34 

Mo- 

53 

Dy — 

! 70 

Mti— 

37 

Col— 

54 

Co— 

j 72 

Ba — Gd 

40 

Til 

55 

Ni I 


Sr— 

41 

Bi— 

57 

Rh 

! 79 

Mo 

42 

Gd Rh— 

59 

Rtt Dy 

1 80 

Er Mn— 

45 

Fe I 

61 

Co— i 

i! 87 

Agl 

47 

Mo— 

62 

Dy \ 

l| ss 

TF 

48 

Nd 

63 

Gd Y 

89 

Ce — 

50 

Y— 

64 

Co 

90 

Rh 

51 

W—Pr 

66 

U— 

96 

Nd 

52 

Mo 

68 

Fel 

! 98 

Zn 

57 

Co— 

{ 69 

W 

i 99 

Nd K I (R)— 

59 

Ba 

70 

Cu — 



62 

Cr I— 

72 

Mo 

7700 

Pb— IT’ 

64 

Gd— 

1 

Ni I— 

i 

Pr 

68 

Ru 

1 77 

Rh— 

1 06 

Ba -T/n 

69 

Er— 

i 78 

Zn 

j 09 

Mo 

75 

Rh 

82 

W 

1 

Mn — 

78 

Zn II 

86 

Fe — Co 

1 12 

Mn — Co 

81 

Cb Ni— 

90 

Co 

1 14 

Ni I— Pr 

83 

TF La— 

95 

Mo— 

i 

Dy— Nil 


Intensity (Ba K) to S; Cs 7 to 5; Sn 4 to 2). (— J = O.oA; no dash imlic-ates greater than O.oA. 
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TABLE III {Cmtinmi) 

Principal Lines by Wavelength 


Wave- 

length 

Elements 

Wave- 

length 

Elements 

Wave- 

length 

Elenrients 

7719 

y 

7800 

Rb I (R)— 

7881 

Ru-'-F V 

20 

Mo 

05 

Mn 

86 

W- 

21 

Pr 

OS 

Cr—Nd If 

87 

Mo 

22 

Ru 

09 

Ru~ 

90 

Ni I— 

23 

Cr—Mo 

12 

Dy- 



24 

Y— 

16 

Mn i% 

7905 

IF-Ba I 

27 

Nil 

21 

A/n— 

06 

8b 

29 

Hg-Dy 

24 

Rh 

08 

Cr — Co 

32 

Mo— 

26 

Ni 1 

09 

W Dy- 

33 

Mn — Gd 

29 

Mo 

11 

Ba I— 

34 

Co Mn— 

30 

Rh- 

15 

Pd 

43 

Co— 

32 

Fe- 

17 

Ni I— 

48 

fe-Ki 

34 . 

Mn Ir- 

23 

Mo— 

49 

Gd- 

35 

Ce 

24 

Ru— SI) 

50 

Nd 

36 

All 

26 

Co 

51 

Ba 

37 

Bb- 

30 

Gd- 

52 

Mn 

3S 

Co-Bi 

32 

Zn 

54 

Bn 

39 

Ba 

33 

Cu I— 

55 

Mn-Bh 

40 

Co Bi- 

37 

Pe l—Zn 

57 

Rbl 

42 

Cr- 

42 

Cr-Mn 

59 

Rhl 

44 

Bb- 

44 

Csl— 

61 

W—U 

46 

Gd- 

45 

Fe 

63 

Pd 

47 

Ru * 

47 

Rb I (R) 

64 

Mn Sb 

52 

Os- 

49 

n I- 

66 

Bal 

54 

Mo— 

57 

TF— Co 

71 

Fe 

55 

Co 

58 

Nd 

72 

Eh 

56 

Gd 

61 

Ti 

73 

Nd— 

59 

Ce Ni — 

65 

Nd 

76 

W 

60 

Ce i 

69 

Sb— 

80 

Ba Fe 

61 

.Vil— i 

70 

U- 

84 

TF U— 

62 

Nd 

78 

Til 

86 

Pr-Pd 

63 

ir-xii. 

86 

Mo 

88 

Nil 

67 

W Sb— 

87 

Co— 

90 

Os Dy—Mn 

()9 

Co 

94 

Ni 

91 

Rh Ru 

71 

Co-/h- 

96 

Ti- 

97 

Nil C« 

78 ‘ 

Ba- 

98 

Fel 

99 

Znl— 

80 i 
1 1 

IV— 

! 



Intensity (Ba 10 to S; Cs 7 to 5; Sn 4 to 2). ( — ) = O.oA; no dash indicates greater than O.oA. 
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TABLE IV 

Principal, Lines by Elements 

(A40, A 36 , A3!2, A 18, Al 9 , A61, A52, A64) 

I, II, and Iir indicate ionization states, R indicates reversal p indicates persistent line. Sv.nhols afte^ 
the wavelength indicate lines used for qualitative and quantitative analysis and refer to the control lines 
listed with the same element. Interfering lines are those which may cause trouble if present in the 
sample. No wavelength values are given for these lines, but they can easily be determined by checking 
the lines of the interfering element for a wavelength value approximately the same as the line of the 
element to be identified. 


Qualitative Analysis 

^ t. +. §■ II. ** = Gerlach and Riedl (.415). 

Quantitative Analysis 

L = Lundegardh (spark) (AiiJ). 
F = Lundegardh (flame) (Ao3.). 
S = Scheibe {Ao9 and other 
publications). 


Quantitative .\nalysis 

G = Gerlach (AIS, AlOa and other publica- 
tions) . 

N = Smith (.155 and other publications'!. 

B = Brode {CIO, C31 and other publications). 

M = Duffendaek, Owens, Sawyer {C4J, C47 and 
other publications) . 


Subnumbers. S2, Bs. etc,, indicate pair combinations of unknown and control lines. 

-Arc and spark intensities ate given from 1 to 10. 

The symbols (-}-) and (°) in front of the wavelength value (see iron table) indicate secondary and 
tertiary standards, respectively. 

For more complete information on control and interfering lines one should consult Gerlach and 
Riedl, “Tabellen zur qualitativen Analyse, Die chemische Emissionsspektralanalyse,” Vol. Ill {AiOt, 
and the literature publications of Duffendaek, Scheibe, Gerlach, Smith, Lundegardh, Brode, anti 
others. 

More complete information on the lines of elements, arranged according to clement, including thusi* 
elements and lines omitted from these tables can be found in Kay.ser (A,.?5), International Critical 
Tables (.135), (.•la?s‘), and other sources indicated in Chapter IV (page 63). 


ALUMINUM 

A1 


Wavelength 

Arc 

Spark 

Wavelength 

1 .Arc 

Spark 

Wavelength 

! Arc Spark 

II 2 094.8 


5 

II 2 669.2 

— 

10 

1 3 

961 . 5pSL B" 

i IOR I 8R 

I 2 168.0 

IR 

1 

III 2 762.8 


9 

11 4 

226.8 

i 6 

I 2 174.0 

IR 

1 

II 2 816.3 


10 

III 4 

480.0 

: 5 

I 2 263.5 

4R 

2R 

III 2 907.5 

.... 

10 

HI 4 

512.5 

.... ; 5 

I 2 269.1 

4R 

2R 

II 3 050.1 

4 

8 

III 4 

529.2 

6 

11 2 321.6 

2 

6 

3 064.7 

4 

2 

II 4 

585.8 

I 6 

I 2 367.1 

8R 

4R 

II 3 057.2 

4 

10 

II 4 

663.1 

.... j 10 

II 2 369.3 

1 

4 

3 064.3 

4 

2 

III 4 

701 .7 

I 6 

I 2 372,1 

3 

3 

3 066.2 

4 

2 

III 5 

150.9 

1 5 

I 2 373.1 

SR 

4R 

I 3 082.2p*Si 

IOR 

8R 

III 5 

163.9 

i 7 

I 2 373.4 

2R 

2R 

I 3 092. 7pt 

IOR 

8R 

II 5 

593.2 

; 10 

I 2 378.4 

3 

1 

I 3 092. 9S2 

6R 

4R 

III 5 

696.5 

5 

11 2 545.6 


6 

II 3 443.7 


6 

III 5 

722.7 

! 6 

II 2 568.0 

ioR 

6R 

II 3 687.1 


10 

II 5 

861 .5 

I 7 

I 2 575.1 

lOR 

6R 

i III 3 601.6 


7 

II 6 

231 .8 

j 7 

I 2 575.4 

3R 

2 

III 3 612.4 


7 

II 6 

243.4 

. . . . i 10 

II 2 631.7 


7 

II 3 655.0 


S 

I 6 

696.1 

3 i .... 

I 2 652.5 

ioR 

4R 

I 3 944.0ptLS3 

ioR 

8R 

I 6 

698 .7 

3 

I 2 660.4 

lOR 

5R 

Bi 




I 

1 


Control lines; 
*Fe 3075.7 
tFe 3222.1 
JTi 3981.8 
§Co 3917.1 
Cr 3919.2 


Interfering lines; 

*Au Cd Co Mo V W 
tAu Fe Mg Mo V 
|Ba Co Fe Mo Ni V W 
§Ca Co Fe Mo Ni Sr Sb W 


Control lines: 
BiCa 3933.7 
BiCa 3968.5 
SiCu 3128.7 
.S.Cu 3094.0 
SjCu 4022.7 
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TABLE IV {Continued) 

Principal Lines by Elements 

ANTIMONY 

Sb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 023.9 


4 

2 718.9 

3R 

10 

I 4 033.5 

6 

4 

2 039.7 


5 

2 727.2 

5R 

S 

4 195.1 


8 

2 054.0 


G 

I 2 770. ONs 

lOR 

lOR 

4 265.0 


10 

I 2 175. 9p 

oR 

3R 

2 790.4 


10 

4 352.2 


10 

2 179.3 

4R 

3R 

2 851.1 

4 

4 

4 591.8 



2 306. 5Si 

5R 

4 

I 2 877.9§N6 

lOR 

lOR 

4 693.0 


10 

I 2 311,5p*S2N‘i 

6R 

lOR 

2 913.3 


5 

5 568.0 

3 

3 

2 373.7 

4R 

3 

1 3 029.SS8Ns 

8R 

10 

5 632.0 

4 


2 383,683 

3R 

4 

3 040. 7S3 


10 

5 639.7 

2 

5 

I 2 443.6 

3R 

0 

I 3 232.5pSioN8 

8R 

10 

5 730.4 

4 


I 2 52S.5tS4Ns 

6R 

lOR 

3 241.2 


10 

6 005.0 

0 

3 

2 590.3 1 


10 

I 3 267. 5pB 

8R 

10 

6 079.6 

6 

1 

I 2 oGS.lpJSsNa 

lOR 

lOR 

I 3 383.2 

5 

2 

6 129.9 

6 

3 

2 612.3 

3R 

8 

3 473.9 


10 

6 611.4 

3 

2 

2 652.6 

3R 

8 

3 498.5 


10 

6 778,4 

6 


I 2 670.7S6N4 

t oR 

5 

I 3 504.5 

3 

10 

6 806.3 

6 

1 

2 682.8 

4R 

5 

I 3 637.8 

9 

6 

7 844.4 

4 


2 692.38? 

! 3R 

3 

I 3 722.8 

8 

5 

7 924.0 

G 



Control lines: 

Interfering lines: 

Control lines; 

Interfering lines; 

*Cd 2144.4 

*Co Fe Mo V 


JFe 2483.3 

JAg Pb Cr Pe Mn ^ 

Co 2307.9 



Pe 2611.9 


Ni 2320.1 



§Cr 2865.1 

§Cu Cr Ir Pd Pt V 

tCo 2521.4 

tAu Ba Pb Si Co Mo V W 

Ga 2943.6 


Fe 2522.9 



Si 2516.1 


Si 2506.9 





CantroUines; 


Control lines; 


Control lines; 

B Cu 3274.0 


NiSn 2359.7 


N;iSn 2637.0 

3268.3 


2282,2. 


2594.4 

SiPb 2322.0 


2333.0 


2368,2 

SaPb 2399.6 


2282.2 


2558.1 

2388.8 


Sn 2368.2 


Sn 2571.6 

2332.5 


2317.2 


Pb 2657.2 

SaPb 2388.8 


Pb 2399.6 


2562,4 

SdPb 2657.2 


2388.8 


2628.3 

2562.4 


2332.5 


NdSn 2637.0 

SsPb 2657.2 


NaSn 2523.9 


Pb 2657.2 

2628.3 


2455.9 


NsSn 2761.8 

SsPb 2657.2 


2433.5 


Pb 2657.2 

SvPb 2657.2 


2531 . 1 


NsSn 2761.8 

SaPb 3043.9 


2571.6 


NrPb 3034.9 

SsPb 3043.9 


Sn 2546.6 


NsSn 3223,6 

SioPb 3220.5 


Pb 2428.6 


3218.7 


For explanation of control and interfering line syinbois aee page 365. 
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TABLE IV (Continued) 

Principal Lines by Elements 

ARSENIC 

As 


W aveleiigth 

Arc 

Spark 

Wavelength 

Arc 

Spark 

W avelongth 

Arc j Spark 

2 031. 


10 

I 2 860. 5t 

4R 

8 

4 371. 

■ 5 

2 074. 


12 

I 2 898.7 

4R 

6 

4 431.6 

: 4 

2 113. 

2 

3 

2 959.6 


7 

4 474.4 

4 

2 134. 

2 

2 

I 2 991.0 

2 

4 

4 494.4 

1 3 

2 144.2 

4 

1 

I 3 032. S 

4 

8 

4 539.8 

j 3 

2 166.5 

4 

2 

I 3 075.3 

2 

5 

4 985. 4 

.... 5 

2 271.4 

4 

1 

I 3 119.6 

4 

7 

5 105.5 

.... 1 8 

I 2 288.1p*LSi 

lOR 

3 

3 787.2 


3 

5 107.6 

S 

I 2 349.Sp*LS2 

lOR 

6 

3 842.9 


4 

5 161.1 

. . . . ^ 7 

2 369 . 7 

4R 

5 

3 922.5 


10 

5 331.3 

! S 

3 370. 8S3 

4R 

5 

3 948.6 


3 

5 496.9 

; 5 

I 2 381.2 

4R 

5 

4 006.2 


3 

5 497. S 

1 10 

2 437.2 

1 

5 

4 037.0 


6 

3 558. 1 

....j 10 

2 456 . 5 

4R 

7 

4 197.5 


3 

5 651.3 

1 10 

2 492.9 

2 

5 

4 299.4 


3 

6 023. 

i 6 

I 2 745.0S.1 

6R 

5 

4 336.7 


5 

6 110. 

i 6 

I 2 7S0.2ptL 

SR 

10 

4 352.1 


5 

j 6 170. 

. . . . ! 0 

2 830.4 


4 







Control lines: 
*Be 3130.4 
tFe 2772.1 
Mg 2802.7 
Mg 2790.8 
Mo 2775.4 
JCr 2865. 1 


Interfering lines: 

*Be Fe Mo Ti V W 
fAu Bi Cr Co Ga Mg Mn Mo 
Pb Sn Ti Zn W 


JMo Pt Ti 


Control Line! 
Cr 2858.7 
Cr 2862.6 
SiPb 2242.0 
2332.5 
SjPb 2332.5 
SaPb 2399.6 
S^Pb 2628.3 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 

BARIUM 

Ba 


VYavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

ir 2 304.2 

611 

8R 

II 4 166.0 

5 

10 

II 5 853.7 

8R 

5 

II 2 335.3 

6R 

lOR 

I 4 283.1 

8 

8 

I 5 907.6 

6 

2 

II 2 347.6 

5 

7 

I 4 323.0 

4 

1 

I 5 971.7 

10 

3 

II 2 528.5 


6 

I 4 332.9 

4 

1 

I 5 997. 1 

7R 

3 

I 2 596.7 

6 


4 350.4 

8 

5 

I 6 019.5 

7R 

3 

II 2 634.8 

3 

8 

4 402.6 

8 

6 

I 6 063.2 

8R 

4 

II 2 647.3 

4 

4 

I 4 431.9 

7 

6 

I 6 110,8 

SR 

5 

I 2 702.7 

6 

2 

I 4 489.0 

7 

2 

II 6 141.7 

lOR 

lOR 

II 2 771.4 

2 

3 

I 4 493.6 

5 

2 

I 6 341.7 

7R 

3 

I 2 785.3 

6 


4 505.9 

8 

5 

I 6 450,9 

7 

3 

I 3 071.6 

8R 

6R 

4 623.3 

8 

3 

6 482.9 

7R 

3 

I 3 262.4 

3R 


II 4 525.0 

8 

10 

II 6 496.9 

lOR 

lOR 

I 3 356. 9 

6 


II 4 534.0P*L 

lOR 

lOR 

I 6 498,8 

8R 

4 

I 3 377.01 



4 573.9 

6R 

4 

I 6 527. S 

8R 

3 

I 3 377. 4f 

* 


4 579.7 

8R 

8 

I 6 595.4 

7R 

3 

I 3 420.3] 



4 599.8 

6R 

2 

r 6 675.3 

6R 

2 

I 3 421. 0[ 

10 


I 4 620.0 

5 

1 

I 6 693.9 

6R 

2 

I 3 421. sj 



I 4 628.8 

5 

1 

6 865.7 

5 


I 3 501.1 

8R 

2 

I 4 673.6 

7 

2 

r 7 060.0 

8R 


I 3 525.0 

6 


4 691.6 

7R 

4 

11 7 120.3 

6 


I 3 544.7 

6 


I 4 700.5 

6 

1 

I 7 195.3 

6 


I 3 547.7 

4 


I 4 726.5 

8 

5 

7 228.8 

5 


I 3 579.7 

6 

2 

ri 4 900.0 

8 

10 

7 280.3 

8R 


3 630.7 

8 

2 

I 4 902.9 

4 


I 7 392.4 

6 


3 889.3 

5 

2 

II 4 934. Ip 

lOR 

lOR 

7 417.6 

4 


11 3 891.8 

8 

8R 

I 5 424. 6p 

7 

3 

7 459.7 

5 


3 892.7 

5 


I 5 519. Ip 

8R 

5 

7488.1 

5 


I 3 909.9 

6 

6 

I 5 535.5PtF 

lOR 

6 

7 642.9 

5 


I 3 935.7 

7 

6 

5 680.2 

5 

1 

7 672.1 

7 


I 3 937.9 

5 

3 

I 5 777. 7p 

lOR 

5 

7 780.5 

8 


I 3 993.4 

8R 

6 

5 800.3 

7 

2 

7 839.6 

5 


II 4 130.7 

8R 

lOR 

5 805,7 

5R 

2 

I 7 905.8 

7 


4 132.4 

5 

3 

I 5 826.3 

4 

7R 

I 7 911.4 

6 



Control lines: Interfering lines: 

*Be 4535.5 *A1 Be Co Cr Cs Cu Fe Mn 

Mo 4558.5 Mo Ni Pb Pt Si Ti V W 
Ni 4551.3 
Ti 4552.5 


Control lines: Interfering lines; 
tMo 5506.5 tAl Be Bi Ca Co Cu Fe IMg 
Mn Mo Na Ni Pb Sb Sr 
Ti V W 


For explanation of control and interfering line symbols see page 365. 
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TABLE lY (Continmd) 

Prixcipal Lines by Elements 

BERYLLIUM 

Be 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

.Arc 

Spark 

I 2 05h.7 

4 


I 2 651. OBi 

10 

10 

I 3 322.0 

S 

2 

I 2 175.7 

10 


II 3 047.9 


4 

I 3 322.3 

S 

2 

2 348.6P='= 

8R 

3 

II 3 130. 4tL 

10 

lOR. 

n 4 362.2 


7 

I 2 351 . 5 

6 


II 3 131.3LB2 

9 

10 

4 572.7 

8 

1 

I 2 494.5 

7 

3 

3 132. OBa 

9 

5 

II 4 674.6 


8 

I 2 494.6 

7 

3 

II 3 198.0 


4 

II 5 274.3 


4 

I 2 494.7 

7 

3 

II 3 275. 6 


5 





Control lines: 

Interfering lines: 

Control lines: 

'^Fe 

2364. S 

•■AAI As Bi Pe Ni Os Pt 

BiMn 2939.3 

Fe 

tCr 

2388.6 
2849 . 8 

t.Ag Cr Hg Ikin Os V W 

BjBi 3067.7 
BaBi 3067.7 

Hg 

3650.2 

For explanation of control and interfering line symbols : 
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TABLE IV {Continued) 

Principal Lines by Elements 

BISMUTH 

Bi 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 061. 7p 

8R 

3 

2 696. 8G2 

OR 

4R 

4 302.1 


10 

2 110.3 

8E, 

2 

2 73O.5S3G3 

SR 

2R 

4 308.2 

4 

2 

2 1,33.6 

7R 


2 780.5pG4 

7R 

4 

4 308.6 

4 

2 

2 134.4 

8R 

1 

2 809. 6p 

SR 

2 

4 340.6 


4 

2 143.6 


2 

2 89S.0p^NsGs 

lOR 

5R 

4 561.2 


8 

2 144.4 


2 

2 93S.3pBiS4N3 

lOR 

8R 

4 722.2 

10 

5 

2 132.9 

7R 


2 989.0pSsN4 

9R 

oR 

4 722.5^0 

10 

8 

2 153.5 

4R 


2 993.3 

9R 

4 

4 722.7 

8 

8 

2 1.50.9 

4R 


3 024.6B2S(ia« 

SR 

4R 

5 124.4 


4 

2 164.1 

4R 


3 067.7PtLSr 

9R 

6R 

5 144.5 


6 

2 177.3 

6R 

1 

GrNj 



5 209.3 


IP 

2 1S9.6 

6R 


3 397. 2B3 

5R 

2 

5 552.2 

8 

3 

2 203,1 

4 

1 

3 405.2 

2R 

1 

5 742.0 

6 


2 22S.3 

6R 

2R 

3 510. 9B4 

6R 

5 

5 861.1 


4 

2 230. 6Si 

8R 

4R 

3 696.1 

3R 

4 

6 128.1 


4 

2 270. 6P 

5R 

2 

3 695.5 


8 

6 134.9 

6 

1 

2 309.3 

4 


3 792.988 


8 

6 497.5 


4 

2 400. 9Sa 

SR 

7 

3 887.9 

2 

1 

6 600.1 


7 

2 430.5 

2 


3 888.2 

2 

1 

6 809.1 


7 

2 489.4 

5 

1 

4 079.2 


10 

C 991.1 

4 


2 515.7 

6R 

1 

4 121.5 

6 

4 

7 838.7 

3 


2 524.5 

7R ' 

2 

4 121. 9S9 

6 

4 

7 840.3 

2 


2 627.9GiNi 

8R 

4 

4 259.6 


10 

8 210.8 

10 



Control lines: Interfering lines: 

*A3 2745.0 »i=As Be Co Cr Ti V 

Mo 2911.9 
V 2903.1 
W 2947.0 


Control lines: Interfering lines : 

•[•Fe 3057.5 tFe Mo V W 

Ti 3078.6 

V 3073.8 

V 3185.4 


Control lines; 
BiSn 2863.3 
BoSn 2850.6 
BaCu 4275. 1 
Pb 3683.5 
B4Pb 3739.9 
SiPb 2253.9 
SsPb 2400.9 
SsPb 2657.2 
SiPb 2926. S 
SsPb 2980.3 
SoPb 3220.5 

3240.2 
S-Pb 3221.7 

3119.1 

3043.9 

3040.2 

2657.2 
SaPb 3786.3 
SaPb 4168.0 
GiSn 2637.0 
GsSn 2765.0 


Control lines: 
GaPb 2657.2 
G^Pb 2657.2 
GsSn 3141.8 

2863.3 
GePb 3220.5 
GtSh 3009.1 

3141.8 

3218.7 

3223.7 
Pb 3220.5 

NiSn 2637.0 
N-Sn 2850.6 

2671.8 
Pb 3043.9 

2966.4 
ISTsPb 3043.9 

2966.4 
N4Sn 2896.0 
2850. G 

2761.8 
Pb 3043.9 


Control lines; 

2950.2 

2973.0 
Nr,Sn 3223.6 

3218.7 

3175.0 

3141. 5 

3034.1 

3009.1 

2913.3 
Pb 3262.4 

3240.2 

3220.5 

3176.5 
3043.9 

3119.2 

2980.3 
2973.0 

Cu 3140.3 

3108.6 
NsSn 4524.7 


For explanation of control and interfering line symbols see page 365. 
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TABLE lY (Continued) 

Principal. Lines by Elements 

CADMIUM 


Cd 


■Wavelengtli 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 004.2 


5 

I 3 080. S 

S 

3 

j 4 094. S 


4 

2 062.0 


5 

3 095.5 


5 

4 127.0 


4 

II 2 144.4PNi 

4E. 

6R 

3 129.2 


Sa 

II 4 134. S 


IS 

II 2 194.6 

1 

4R 

I 3 133.2 

2 

5 

! 4 191.6 


4 

2 239.9 

611 

3 

3 185.5 


5 

1 4 216.9 


6 

11 2 265.0P*LN2 

4R 

lOR 

TI 3 250.3 


25 

1 4 245.6 


4 

2 267.5 

4R 

2 

I 3 252.0 

s 

6n 

II 4 412.3 


10 

I 2 288.0PtLGi 

lOE, 

lOR 

I 3 261.lt 

lOR 

7 

j 4 415.7 

1 

6 

Ns 



3 299.0 

4 

4R 

1 I 4 67S.23iNs 

10 

10 

2 306.6 

4R 

3 

I 3 403.7pG2N6 

lOR 

10 

I 4 799.9!iSsN9 

lOR 

10 

11 2 312.9S1N4 

4 

lOR 

II 3 417.4 


10 

II 4 881.7 


10 

II 2 321. SNj 

1 

7 

I 3 466.2pG3N7 

lOR 

SR 

I 5 085. SSa 

lOR 

10 

2 329,3 

SR 

6 

I 3 467. 7G4 

SR 

10 

II 6 337.5 

3 

25 

2 469.8 


4 

II 3 495.4 


15 

5 338.5 


10 

I 2 553.6 

4 


11 3 535.7 


20 

II 5 378.1 


10 

II 2 573. OS2 

4 

10 

I 3 BlO.SpfSsGs 

lOR 

lOR 

II 5 381. S 


10 

I 2 639.5 

OR 

In 

I 3 612.9 

SR 

9 

5 497.0 


10 

I 2 677.6 

8 

3n 

I 3 614. 4G6 

7 

7 

6 637.3 

0 


I 2 712.6 

6 

2n 

I 3 729.1 

4R 


I 6 099.1 

5 


II 2 748.6 


10 

3 940.3 


5 

I 6 325.1 

5 

I 

I 2 763.9 

CR 

3N 

3 976.6 


5 

I 6 329.9 1 

5 


I 2 S36.9 

SR 

6N 

3 977.3 


5 

II 6 359.9 I 


10 

I 2 868.3 

6 

3 

3 988.2 


4 

I 6 438.5 1 

10 

lOR 

I 2 SS0.8 

8R 

6 

II 4 029.1 


10 

II 6 465.0 1 


10 

I 2 881.2 

4R 

3N 

4 057.5 


5 

II 6 725.8 i 


15 

I 2 980.8 

SR. 

6 








tAs 

Jin 


2270.4 

2349.8 

3256 . 1 

3034 . 1 
3242.0 


Control lines: 
SiPb 2322 
SsPb 2657.6 
2562 . 4 
S;iPb 3671.5 
SdPb 5005.5 
5042. S 
SsPb 5003.5 
5042 . S 
SePb 5042. S 
GiSn 2282 
GsSn 3331 
3656 
3142 
3219 
GsSri 3656 
3219 
3224 
GiSn 3656 
3219 


Interfering lines: Control lines: Interfering lines: 

*Fe Os §Fe 3818. S §.4.1 Ba Cr Cs Cu 

Mo 3447. 1 Ni Pt Ti V 


tAs Au Fe Mo Ni 

JCo Fe In Mo ||Os 

V W 


Control lines; 

3224 
GsSn 3656 
G«Sn 3656 
NiSn 2199.3 
NsSn 2282.2 

2267.2 

2265.9 

2317.2 
Pb 2243 

2253.9 
NsSn 2380.7 

2333 



2286. 7 
Sn 2317.2 
Pb 23.32.5 


3510.3 

4394.9 WXs A1 As Be Co 
K Mo Ni Ra 

Control lines; 

2249 
2243 
3043.9 
N48n 2317.2 
Pb 2332.5 
N.^Sn 2251.2 
NoSn 3223.6 
3218.7 
3352.3 

3240 . 2 
NrSn 3655.9 

3223 . 6 

3218.7 
3330 . 6 

Pb 3240.2 

3119.2 
NaPb 5005.5 
NaPb 5005.3 


For explanation of control and interfering line symbols see page 36.3. 
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TABLE IV (Cmtimed) 
Principal Lines by Elements 
CALCIUM 
Ca 


Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 035,0 

4 


I 3 973.7 

6 

3 

I 5 270.3 

10 

10 

2 040.0 

4 


I 4 098.6 

4 

2 

5 349.5 

10 

5 

I 2 275.5 

1 

4R 

I 4 226.7tPBi 

lOR 

lOR 

I 5 512.9 

8 

2 

I 2 39S.Q 

8R 

IR 

I 4 240.4 

4 

2 

5 582.0 

! 8 

4 

2 493.0 

7 


I 4 283.0 

SR 

SR 

5 588.7 

10 

10 

2 899.8 

9 


I 4 289.4 

8R| 

8R 

5 590.1 

10 

0 

2 924.3 

8 


I 4 299.0 

6 i 

8R 

I 5 594.5 

8 

0 

I 3 000.9 

4 

2 

I 4 302.3 

lOR i 

lOR 

5 598.5 

10 

8 

I 3 006.9 

4 

4 

I 4 307.7 

8R 

SR 

I 5 601.3 

8 

4 

3 119.7 


8 

I 4 318.7 

8R 

8R 

5 602.8 

8 

5 

II 3 158. 9L 

8 

lOR 

I 4 355.2 

6 

2 

5 857,5 

10 

10 

II 3 179. 3L 

6 

lOR 

I 4 425.4 

lOR 

lOR 

5 867.6 

4 


11 3 181.3 

4 

10 

I 4 435.0 

lOR 

lOR 

I 6 102.7 

8R 

SR 

1 3 223.8 

4 


I 4 435.7 

SR 

8 

I 6 122.2 

lOR 

lOR 

I 3 286.1 

5 


I 4 454. 8p 

lOR 

lOR 

I 6 101.3 

5 

2 

I 3 344.5 

5 


I 4 455. 9p 

8R 

S 

I 0 162.2 

lOR 

SR 

I 3 350.2 

6 

• 1 

I 4 456. 6p 

4 

5 

I 6 163.8 

4 

2 

I 3 361.9 

6 

1 

4 499.9 


10 

I 6 100.5 

4 

2 

I 3 468.5 

4 


! I 4 527.0 

6 

5 

I 6 169.1 

4 

3 

I 3 474.8 

4 


I 4 578.6 

S 

5 

I 6 169.0 

7 

3 

I 3 487.6 

6 

1 

I 4 581.5 

8 

6 

I 0 439.1 

lOR 

S 

I 3 624.1 

6 

1 

I 4 585.S 

6 


0 449. S 

5 

3 

I 3 630.7 

6 

1 

I 4 585.9 

2 

8 

I 6 462.0 

OR 

6 

I 3 631.0 

5 

1 

I 4 685.2 

4 

1 

I 6 471.7 

5 

5 

I 3 644.4 

10 

4 

I 4 878.2 

10 

8 

I 6 493.8 

8 

5 

I 3 644. S 

5 


I 5 141.7 

8 

3 

I 6 499.6 

i ® 

4 

II 3 706.0 

6 

8 

I 5 188. S 

(5 

5 

I 0 717.7 

8 

2 

II 3 736.9 

6 

lOR 

I 5 260.4 

4 

3 

7 148.2 

10 


II 3 933.7p=^-L 

lOR 

lOR 

5 261,7 

(> 

5 ! 

7 202.2 

8 


I 3 948.9 

4 

1 

5 262.2 

t) 

5 ' 

I 7 320.1 

8 


I 3 957.1 

6 

2 

I 5 264.2 

6 

5 ! 

7 610.0 

0 


11 3 96S.5ptL 

lOR 

lOR 

5 265.6 
:l 

S 

8 





Control lines: 

Interfering lines: 

Control lines: 

Interfering lines: 

=»Co 3929.3 

*Ba Co Fe Mn Mo Sc 

Fe 3930.3 


Fe 3899.7 


tCo 4248.2 

JCo Cr Fe Ge Mn Mo 

tCr 3963.7 

tAl Co Cr Fe Mo Ni 

Fe 4236.0 



CARBON 


C 


Wavelength 

Arc 

Spark 

Wavelength | -krc 

Spark 

1 1 

Wavelength j Arc j Spark 

III 2 297.6 

2 

10 

III 4 048.70 L... 

3 i 

! 

1114652.68 i....i 7 

I 2 478. 3?=*^ 

10 

10 

Ill 4 651.46 1 . . . . 

3 

1 1 


Control lines: Interfering lines: Control lines: 

*Fe 200.7 *Hg Sb W 2481.5 

For explanation of control and interfering line symbols sec page 3()5. 
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TABLE IV (Continued) 

Principal Lines bt Elements 


Control lines: Interfering lines: Control lines: I 

*Co 3533,4 •■t=Co Cr Pe Hg Os §Os 4260.9 

tPe 3795.0 fCo Cr Fe Hg Mn Sn Ti W !|Fe 4187. 1 

$Fe 4123 . S JBa Co Cr Fe Li Mti Sb Sc Ti 

For explanation of control and interfering line symbols 


Interfering lines: 

§Co Fe Mn Mo Ni Pt 
1 1 Co Cr Fe Mn Mo Ni 
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TABLES AND CHARTS 


TABLE IV (Continued) 

Pbincipal Lines by Elements 

CESIUM 

Cs 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 035.7 


8 

3 268.3 

.... 

10 

I 4 593. Opt 

lOR 

3. 

2 080.6 

.... 

8 

3 300.0 


S 

II 4 603.8 

10 

10 

2 089.2 


8 

3 316.0 

.... 

8 

4 616,1 


4 

2 102.4 


10 

3 340.5 


8 

4 623.1 


4 

2 132.4 


10 

3 349.4 


8 

11 4 646.5 


5 

2 142.2 


10 

3 411.3 


9 

4 763. G 


5 

2 147.5 


10 

3 559.8 


5 

11 4 830.2 


6 

2 180.2 


9 

3 597.4 


6 

4 870,0 


6 

2 206.3 


10 

3 608.3 


6 

II 4 952.8 


6 

2 221.3 


10 

3 661.4 


6 

II 4 972.6 


5 

2 268.3 


10 

3 699.5 


5 

II 6 043.8 


6 

2 274.5 


10 

II 3 785.4 


5 

II 5 096.6 

.... 

4 

2 495.0 


8 

II 3 805.1 


6 

II 5 227.0 


3 

2 526.0 


10 

II 3 897.0 


7 

ir 5 249.4 


6 

2 544.0 


10 

II 3 925.6 


6 

5 274.0 


4 

2 573.1 


8 

II 3 966.2 


6 

II 5 371.0 


6 

2 596.9 

. 

10 

3 974.2 


0 

5 402.8 


4 

2 600.4 


8 

4 006.5 


6 

II 5 419.7 

[T~! 

5 

2 630.6 


10 

4 039.8 


9 

II 5 563.0 


4 

2 700.0 


S 

4 068.0 


6 

II 5 831.2 

I " ' * 

5 

2 707.0 


10 

II 4 068.8 


6 

5 925.7 


5 

2 776.0 


10 

4 1,58.6 


4 

6 010.4 

4 

2 

2 811.0 


6 

4 213.3 


6 

II 6 128.6 


4 

2 838.0 


8 

4 232.2 


6 

0 213.0 

s 

2 

2 845.0 


10 

4 264.7 


10 

6 354,5 

4 

1 

2 859.4 


10 

11 4 277.1 


9 

6 562. S 


5 

2 887.0 


10 

II 4 288.4 


7 

I 6 58G.5 

10 

1 

2 894.0 


s 

4 300.6 


6 

I C 587.1 

5 


2 931.1 


10 

II 4 373.0 


6 

I 6 723.3 

lOR 

3 

2 938.0 


8 

II 4 384.4 


5 

II 6 955.5 


4 

2 963.0 


8 

4 405.3 


7 

I 6 973.3 

1 lOIl 

3 

2 976.9 


6 

II 4 435.7 


4 

I 6 983.4 

0 

1 

3 066.7 


10 

4 501.5 


7 

I 7 228.6 

5 

1 

3 149.6 


8 

II 4 526.7 


7 

I 7 280.0 


1 

3 152.7 


G 

II 4 538.9 


6 

I 7 009.0 

S 


3 211.0 


6 

I 4 555.5p*F 

lOR 

4 





Control lines: Interfering lines: Control lines: Interfering lines 

*Be 4535.5 =>=A1 Ba Be Co Cr Cu Fe fAl 4576 1A1 Ba Be Co Cr Fe Li 

Ti 4552.5 Mo Ni Pb Pt Si Ti V 4395.2 Mo Ni Pd Sb Sc 

Ti 4522.8 

For explanation of control and interfering line symbols see page 3fj5. 



PIUNCIPAL LINES BY ELEMENTS 


table IV iConlinued) 

Principal Lines by Elements 

CHROMIUM 

Cr 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

1 Arc 

,■ Spark 

2 324., 0 


4 

II 3 132. 1 

4 

10 

! I 4 337.6 

! 6R 

9 

2 538.3 



3 180.7 

3 

10 

I 4 339.5 

OR 

5 

2 591.9 

4R. 

1 

3 197.1 

3 

10 

I 4 339.7 


4 

2 077.2 

5R 

10 

3 209.2 

2 

10 

I 4 344.5 

7R 

S 

2 078.8 

4 

10 

3 217.4 

3 

8 

I 4 351.1 

5R 

4 

2 091.1 

4 

10 

3 307.1 

1 

8 

I 4 351.8 

7R 

9 

2 731.9 

5R 

1 

II 3 339. S 

3 

10 

I 4 359.0 

CR 

S 

II 2 743.0 

3 

8 

II 3 342.6 

3 

10 

I 4 371.3 

OR 

9 

II 2 750.7 

3 

10 

3 346.7 

4R 

1 

I 4 385.0 

6R 


II 2 751.9 

3 

10 

3 358.5 

3 

10 

4 458.5 

4 

3 

2 757.1 

4R 

2 

3 360.3 

3 

10 

4 465.4 

4 

4 

II 2 762.6 

3 

10 

3 368.1 

4 

10 

I 4 496.9 

6R 

10 

II 2 766.5 

4R 

10 

3 382.7 

2 

10 

4 511.9 

4 

0 

2 769.9 

OR 

1 

3 403.3 

2 

10 

4 540.7 

4 

6 

2 780.7 

7R 


3 408. S 

3 

10 

I 4 546.0 

5R 

0 

2 792.2 

1 

10 

3 421.2 

3 

9 

I 4 580.1 

7 

3 

2 800. S 

1 

10 

3 422.7 

3 

10 

I 4 691.4 

6 

2 

2 812.0 

2 

10 

3 433.6 

5R 

2 

I 4 600.8 

6R 

4 

2 822.4 

2 

10 

3 550.6 

4 

2 

I 4 610.1 

OR 

6 

2 830.5 

2 

10 

I 3 578.7*LB, 

lOR 

lOR 

I 4 626.2 

6R 

5 

II 2 835. OP 

5R 

10 

I 3 593. St 

lOR 

lOR 

I 4 646.2 

7R 

10 

11 2 843. 3P 

4 

lOR 

I 3 605. 3tL 

lOR 

10 

I 4 652.2 

CR 

5 

II 2 849. 8P 

4 

10 

3 636.6 

5R 

3 

4 70S.0 

7 

3 

II 2 855. 7P 

4 

10 

3 639.8 

6R 

5 i 

4 718.5 

1 7 

G 

II 2 862.6 

3 

10 

3 743.6 

4R 

3 

4 737.3 

5 

3 

2 910.9 

4R 

1 

3 743.9 

4R 

3 

4 756.1 

6 I 

S 

2 967.6 

4R 

1 

3 749.0 

4R 

3 

4 789.4 

: 5 i 

3 

2 971.9 

2 

10 

3 804. S 

5 

3 

1 4 801.0 

5 

2 

2 979.7 

2 

10 

I 3 885.2 

5R 

3 

4 829.4 


4 

2 9S5.3 

2 

10 

I 3 894.1 

4R 

3 

4 922.3 

i 4 

3 

2 986.5 

6R 

2 

I 3 90S.S 

6R 

3 

; 4 954. S 

1 i 

2 

2 989.2 

2 

10 

I 3 919.2 

7R 

5 

5 166.2 

i 3 i 

4 

2 995.1 

4R 

1 

I 3 921.0 

5R 

3 

I 5 204. 5p 

9R 1 

10 

2 996.6 

4R 

1 

I 3 928.7 

6R 

3 

I 5 206. Op 

lOR I 

10 

2 998. S 

4R 

1 

I 3 941.5 

5R 

3 

I 5 208.4 

lOR i 

10 

3 005.1 

5R 

1 

3 963.7 

7R 

S 

I 5 247.6 

5R ; 

3 

3 014.8 

5R 

1 

3 969. S 

7R 

S 

I 5 264.2 

GR : 

5 

3 014.9 

6R 

1 

3 976.7 

7R 

s 

I 5 265.7 

1 5R 

3 

3 017.0 

OR 

2 

3 983.9 

7R 


I 5 275.2 

4 

o 

3 018.5 

5R 

1 

3 991.1 

6R 

4 

I 5 296.7 

5 1 

6 

3 021.6 

OR 

2 

4 001.5 

4 

2 

I 5 298.3 


10 

3 034.2 

511 

1 

4 026.5 

4 

2 

I 5 328.4 

10 

8 

3 037.1 

5R 

1 

4 058. S 

4 

3 

I 5 345.8 

! 10 

6 

3 040.9 

5R 

10 

4 109.6 

4 

1 

I 5 348.3 

10 

5 

3 050.1 

2 

10 

4 163.6 

4 

4 

I 5 409.8 

i 

8 

3 053.9 

GR 

2 

4 179.3 

4 

3 

5 664.0 

4 1 

2 

II 3 US. 7 

3 

10 

I 4 254.3P5LB.: 

lOR 

lOR 

5 694.7 

^ i 

2 

II 3 120.4 

4 

10 

I 4 274.Sp:|LB3 

lOR 

10 

5 G9S.3 

; 5 ; 

2 

11 3 125.0 

4 

10 

I 4 289.7p«ILB4 

lOR 

10 

5 712.8 

; 4 : 



For explanation of control and interfering line symbols see page dtio. 



376 


TABLES AND CHARTS 


TABLE IV (Contmued) 

Principal Lines by Elements 


CHROMIUM {Ccmtinued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

5 781. S 

7 

1 

I 6 362.9 

5 

3 

I 6 923.2 

9 


5 783.1 

S 

3 

6 661.1 

5 

2 

0 978.5 

10 


5 783.9 

9 

3 

6 669.3 

4 


I 6 979. S 

7 


5 785.0 

8 i 

3 

I 6 881.7 

9 


I 7 356.0 

10 


5 788.0 

9 

6 

I 6 882.4 

9 


I 7 400.3 

10 


5 791.0 

10 

8 

6 883.0 

9 


I 7 462.4 

10 


I 6 330.1 

6 

3 

I 6 924.2 

10 



i 



Control lines: 

Interfering lines: 

Control lines 

Interfering lines 

*Co 

3569.4 

. *Ba Co Hg Mn Mo 

Fe 4307.9 


Fe 

3719.9 


Ti 4337.9 


Mo 

3624.5 


tCa 4283.1 

lIBa Be Ca Co 

tCo 

3518.4 

tBa Bi Cu Sb 

Mo 4232.6 

Ni Pb Pt 

Ni 

3610.5 


Ti 4298.7 


tCo 

3594.9 

tCo Fe Mn V 

BiNi 3619.4 


Fe 

3618.8 


BsFe 4245 


§Fe 

4260.5 

§Be Bi Co Cu Fe Mo 

BsFe 4247 


!ICu 

4651.2 

l|Co Cu Fe Li Mo Ft 

B4Fe 4362 



For explanation of control and interfering line symbols see page 36.5. 
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TABLE IV {Continued) 

Principal Lines by Elements 

COBALT 


Co 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 011.5 


7 

3 346.9 

10 

2 

I 3 842.1 

6R 

10 

2 105.0 

4 

1 

I 3 354.4 

6R 

4 

I 3 845.5 

lOR 

10 

2 196.6 

5 


3 377.1 

8R 

1 

I 3 861.2 

7R 

10 

2 286. 2P 

2 

6R 

I 3 385.2 

9R 

4 

I 3 873. 1 

9R 

10 

2 307. 9p 

2 

6R 

I 3 388.2 

9R 

5 

I 3 876. S 

SR 

5 

2 363. S 

2 

10 

I 3 395.4 

lOR 

5 

I 3 894.1 

9R 

10 

2 378. 6p 

2 

10 

I 3 405.1* 

7R 

10 

I 3 936.0 

6R 

10 

2 388. 9pF 

2 

lOR 

I 3 409.2 

4R 

6 

I 3 941.7 

5R 

4 

2 397.4 

1 

10 

I 3 412. 3t 

4R 

4 

I 3 957.9 

6R 

4 

2 432.3 

3R 

o 

I 3 433.0 

6R 

6 

I 3 974.7 

5R 

4 

2 447.7 


10 

I 3 443.7 

3R 

6 

I 3 995. 3il 

8R 

10 

2 464.2 

2 

8 

I 3 449.2 

6R 

5 

I 3 997.9 

7R 

10 

2 506.4 

3 

10 

I 3 449.0 

6R 

5 

I 4 020.9 

7R 

5 

2 511.1 

2R 

4 

I 3 453.5PtLBi 

6R 

10 

I 4 045.4 

8R 

5 

2 519.8 

1 

10 

I 3 462.8 

6R 

5 

I 4 066.4 

7R 

5 

2 529. OL 

3R 

2 

I 3 466. Sp 

6R 

5 

I 4 086.3 

8 

9 

2 542.0 

2 

10 

I 3 474.0 

9R 

8 

I 4 092.4 

SR 

S 

2 559.4 

3 

10 

3 485.4 

7 

3 

I 4 110.5 

9 

10 

2 564.0 

3 

10 

I 3 489.4 

5R 

7 

I 4 llS.St 

SR 

10 

2 580. 3L 

4 

10 

I 3 495.7 

6R 

5 

I 4 121.3** 

lOR 

lOR 

2 632.4 


10 

I 3 502. 3§ 

5R 

6 

4 160.7 

1 

8 

2 648.7 

4 

10 

I 3 506.3 

6R 

8 

1 4 190.7 

7 

4 

2 663.5 

4 

10 

I 3 509.9 

4R 

5 

4 252.3 

5 

2 

2 676.0 

4 

4 

I 3 510.4 

4R 

4 

4 339.6 1 

5 

3 

2 731.1 

4 

2 

I 3 512.6 

4R 

6 

I 4 469.6 

8 

5 

2 745.1 

4 

3 

I 3 513.5 

4R 

4 

4 531.0 : 

7 

10 

2 766.2 

4 

2 

I 3 518.4 

6R 

7 

4 549.7 

6 

5 

2 815.6 

4 

1 

I 3 520.1 

4R 

3 

4 565.6 1 

7 

7 

2 886.6 

5 

2 

3 521.0 

5R 

5 

I 4 581.6 ! 

8 

S 

I 2 987.2 

3R 

3 

I 3 523.4 

4R 

3 

4 594.6 

6 

3 

I 2 989.6 

6R 

3 

I 3 526.9 

9R 

6 

4 596.9 

' 6 i 

3 

I 3 044.0 

8R 

4 

I 3 529.0 

4R 

3 

I 4 629.4 

8 1 

4 

I 3 072.3 

5R 

3 

I 3 529. 8p 

8R 

6 

I 4 663.4 

S 1 

4 

I 3 082.0 

5R 

3 

I 3 533.4 

6R 

4 

I 4 682.4 

7 

3 

I 3 086. S 

6R 

3 

I 3 550.6 

5R 

3 

I 4 749.7 

S 

3 

I 3 137.3 

6R 

3 

I 3 565.0 

5R 

4 

I 4 792.9 

7 

7 

I 3 139.9 

7R 

3 

I 3 569.4 

7R 

10 

I 4 813.5 

8 

10 

I 3 147.1 

7R 

3 

I 3 575.0 

5R 

4 

I 4 840.3 

8 

8 

I 3 149.3 

6R 

2 

I 3 575.4 

6R 

5 

I 4 867.9 

i s 

S 

I 3 158. S 

6R 

3 

I 3 587.2 

8R 

10 

I 4 972.0 

i 6 


I 3 159.7 

6R 

1 

I 3 602.1 

5R 

4 

I 5 122. S 

5 

1 

3 243.8 

SR 

2 

I 3 627.8 

SR 

4 

5 133.5 

3 

1 

3 247.2 

7R 

2 

3 639.4 

10 

2 

5 176.1 

6 


3 254.2 

lOR 

2 

3 676.6 

s 

6 

I 5 212.7 

5 

1 

3 260.8 

7R 

2 

3 683.1 

8 

S 

I 5 230,2 

i 5 

1 

3 265.4 

6R 

1 

I 3 704.1 

8 

7 

5266.5 

1 « 

1 

3 283.5 

lOR 

3 

3 732.4 

S 

7 

I 5 280.6 


1 

3 319.5 

10 

2 

I 3 745.5 

6R 

10 

5 342.7 

■ 8 

2 

I 3 .3.34.2 

5R 

4 

1 

3 755.5 

6R 

4 

5 343.4 


i ~ 


For explanation of control and interfering line symbols see page 365. 
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AM) CilAjrr.S 


TABLK IV (Continued) 
Principal Lines by Elements 
COBALT {(■onti'nvcd) 


Wavelength 

Arc 

Spark 

1 Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

1 5 3o2.1 

S 

2 

6 211.1 

8 

1 

I 7 052,9 

10 


5 353.5 

7 

2 

6 231.0 

7 

3 

7 054.04 

8 


5 362, S 

8 

1 

6 257.6 

10 

3 

I 7 085.0 

10 


I 5 369.6 

7 

1 

6 271.4 

10 


7 134.3 

8 


5 444.6 

8 

1 

1 6 282.7 

10 

4 

I 7 154.7 

8 


5 454.6 

9 

1 

6 320.4 

10 

2 

7 159.2 

8 


I 5 483,4 

10 

2 

6 347.8 

10 

1 

7 193.6 

8 


I 5 530.8 

8 

1 

6 395. 2 

7 

1 

7 285.3 

7 


I 5 590.7 

8 

1 

6 417.8 

8 

1 

I 7 354.6 

6 


5 647.2 

8 

1 

6 429.9 

7 


7 388.7 

7 


5 830.1 

7 


1 1 6 450.2 

10 

6 

I 7 417.4 

8 


5 890.5 

7 

2 

6 455.0 

10 


7 457.4 

8 


5 915.5 

8 

3 

6 477.9 

9 


7 554.0 

8 


5 946.5 

8 

1 

! 6 490.3 

7 

1 

7 590.6 

6 


I 5 984.2 

10 

2 

6 563.4 

9 

3 

7 610.3 

6 


5 991.9 

10 

5 

6 595.9 

6 

3 

7 712.7 

9 


6 000.7 

s 

1 

1 6 617.3 

10 

1 

7 734.3 

0 


6 006.3 

8 

2 

6 632.4 

6 

2 

7 838.2 

S 


6 007.6 

S 

2 

I 6 678.8 

6 


7 840.1 

7 


6 049,1 

10 

2 

I 6 771.1 

10 

2 

7 855.9 

7 1 


6 082,5 

10 

5 

I 6 815.0 

10 

1 

7 869.9 

6 


6 086.7 

7 

2 

6 872.4 

7 

2 

7 871.4 

6 


I 6 093.1 

6 

2 

6 937.8 

7 


7 908.8 

10 


0 107.9 

7 

1 

I 7 016.6 

10 


7 926.0 

s 


6 122.7 

10 

2 

7 027.8 

8 


7 987.4 

7 


I 6 188.9 

8 

3 





i 



Control lines: Interfering lines: Control lines: Interfering linos: 


^Cd 

3466.2 

*Bi Cd Cr Cu AIo 

§Ba 

4166.0 

§Ag Bu Cr 

Mo Ni 

Cr 

3368, 1 


Fe 

3558,5 



Fe 

3521.3 


Ti 

3394.6 



tCr 

3368.1 

tBi Cr Cu Fe Mn 

IIBa 

4166,0 

iiBa Cr Fe 

Mn Mo 

Ni 

3524.5 


HFe 

4181,8 

V\.s Cr Ce 

Mn Mo 


2496.8 

tCr Mo Ni Pb Pt 


4120.2 

^■^As Bi Cr 

Cu Fe Mu 

Ni 

3493.0 


Bi 

4722.2 

Ni Ti V 

W 

Ni 

3472.6 


Mo 

4081.5 




BiMn 3442,0 


For explanation of control and interfering line symbols .see page Ilfi,'). 



PJilXCIPAL LTXKK TiV ELEMKXTS 
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'FAFiLK l\ {Cwitiniiaf) 

Phixcipal, Lines by Elements 

COLUMBIUM 

Cb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark : 

Wavelength 

Arc 

Spark 

2 5S4.0 

2 

6 

3 966.2 

10 

3 

4 672.1 

10 

9 

II 2 697.1 

3 

7 

4 032.6 

10 

3 

4 075.4 

10 

S 

II 2 927. 8Bi 

S 

10 

4 059. OP*: 

10 

10 

4 708.3 


4 

II 2 941.6 

4 

8 

4 079. 7p** 

10 

0 

4 713.5 

5 

3 

II 2 950.9 

6 

10 

4 101. Ott 

10 

6 

4 733.9 

5 

3 

II 3 094.2P=t= 

10 

10 

4 123. Op 

10 

4 

4 810.6 

6 

3 

II 3 130. Spt 

S 

10 

4 130.0 

10 

3 

4 816.3 

7 

1 

II 3 163. 4pt 

5 

10 

4 137. Ip 

10 

4 

4 924.8 

3 

S 

II 3 195. 0p§ 

5 

10 

4 139.7 

10 

4 

4 989.0 

5 

2 

II 3 225. 5p 

5 

10 

4 152.6 

10 

5 

5 039.0 

0 

o 

II 3 236.4 

3 

10 

4 163.6 

10 

10 

5 079.0 

S 

3 

3 342.0 

10 

4 

4 164.7 

10 

5 

5 095.3 

10 

3 

3 358.4 

10 


4 168.1 

10 

5 

5 134.7 

.r. 

2 

3 498.0 

10 

2 

4 190.9 

10 

4 

5 160.3 

6 

3 

I 3 510.3 

3 

8 

4 193.1 

10 

3 

5 164.4 

7 

2 

1 3 535. 3 

10 

3 

4 205.3 

10 

3 

5 180.3 

6 

2 

I 3 537.5 

10 

2 

4 214.7 

10 

3 

5 271.5 

9 

3 

I 3 554.6 

10 

2 

4 218.0 

10 

3 j 

5 276.2 

10 1 

3 

I 3 563.5 

10 

2 

4 229.2 

10 

3 j 

5 344.2 

10 

5 

I 3 575.9 

10 

2 

4 262.1 

8 

3 i 

5 350 . 7 

7 1 

3 

I 3 580.311 

10 

3 

4 299.6 

8 

4 I 

5 437.3 

7 

2 

3 697.8 

10 

3 

4 301.1 

10 

5 1 

5 551.4 

6 i 

2 

3 713.1 

10 

3 

4 326.4 

10 

3 ' 

5 664.7 

6 I 

2 

3 726.2 

10 

3 

4 331.4 

10 

3 i 

5 665.6 

0 1 

3 

3 739. S 

10 

3 

4 351. G 

10 

3 ' 

5 671.1 


1 

3 740. S 

10 

5 

4 377.9 

10 

4 1 

5 729.2 

6 

2 

3 742.4 

10 

3 

4 410.2 

10 

3 1 

5 787.5 

6 

2 

3 759.6 

10 

3 

4 437.2 

10 

3 i 

5 819. 5 

0 

3 

3 787.1 

10 

3 ; 

4 447.2 

10 

3 1 

5 838. 7 

8 

o 

3 790.1 

10 


4 523.4 

8 

3 1 

5 866.5 

6 

3 

3 791.2 

10 

j 

4 546.8 

10 

4 i 

5 900.6 

10 

2 

3 798. 1 

10 

4 

4 573.1 

10 

5 

5 983.3 

7 

2 

3 803.0 

10 

4 : 

4 581.6 

10 

5 ' 

6 430.5 

S 

1 

3 810.3 

10 

3 ' 

4 006.8 

10 

10 : 

6 544.7 

6 

1 

3 818.9 

1 

8 

4 630.1 

10 

10 I 

6 677.3 

8 

1 

3 914.7 

10 

\ 

4 648.9 

7 

3 I 

6 723.7 

0 

1 

3 937.5 

10 

3 

4 663.8 

9 

4 1 

6 828. 1 

4 

1 



Control lines: 

Intorforing lines: 

Control lines: 

Interfering lines: 

'i=Al 

3961.5 

^i'Al Bi Cv C’li iMg V 

Mo 3170.3 


Fo 

3222 . 1 


iiFe 3719.9 

ilAu Ba Co Cr Fe 

^Ig 

2779 . 9 


Mo 3624.5 


tBe 

2348 . 6 

tC'r Mil Ti V W 

*[Fe 4059.7 

•■Co Cr Fe Mg Mn 

Cr 

2849 . S 


Mn 4048. S 

Pt Ti W 

Hg 

3650.2 


**AIn 405 >. 6 

*‘i=Ba Bi Co Cr Cu Fe Mg 

Mo 

3864. 1 


Mo 4069.9 

Mo Ni Pt Sc Sr Ti V 

Ni 

3012.0 


Sc 4020.4 


rii 

3168.5 

jro- Mil Mo V W 

Ti 4295.8 


Ti 

3102.0 


ttV 4095.5 

ttCr Fe Mn Mo Ni In Ti 

§Cr 

3180.7 

S.Vu Cl- Cu Mn 510 

V 4105.0 


J-'e 

3222. 1 


BiMn 2933.1 




I' or explanation of font nil aiitl inti 

rfering line symbols see page 36.5. 
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TABLES AND CHARTS 


TABLE IV (Conii7iued) 

Principal Lines by Elements 

COPPER 

Cu 


Wavelength 

Arc 

Spark 

"Wavelength 

Arc 

Spark 

"Wavelength 

Arc 

Spark 

+ 2 112.105 

2 

3 

2 997.4 

6 

4 

I 3 457.9 

4 

1 

+ 2 126.047 

2 

3 

3 010.9 

7 

1 

3 483. S 

6 

3 

2 149 

1 

3 

3 036.1 

8 

2 

I 3 512.1 

6 

3 

+ 2 189.631 

2 

4 

I 3 063.4 

■7 

3 

3 520.0 

4 

1 

2 I92.3S1N3 

3 

4 

3 073.8 

5 

2 

3 527.5 

5 

1 

2 199.6 

4R 

2 

3 094.0 

6 

2 

3 530.4 

7 

2 

I 2 214.6 

4R, 

2 

3 099.9 

6 

3 

3 533.7 

7 

1 

+• 2 218.07 

IR, 

5 

3 108.6 

8 

5 

I 3 599.1 

8 

2 

I 2 227.8 

4R 

2 

3 116.3 

7 

2 

3 602.0 

8 

2 

2 230.1 

4R 

2 

3 126.1 

7 

3 

3 621.2 

6 

2 

4- 2 242.22 

2 

6 

3 128.7 

6 

2 

3 654.6 

6 

3 

2 247.0 

3 

OR 

3 140.3 

6 

2 

3 688.6 

C 

3 

I 2263.1 

3R 

2 

3 142.4 

7 

2 

3 700.5 

3 

1 

2 276.261 

1 

4 

3 146.8 

6 

2 

3 741.3 

3 

1 

2 293,9 

6R 

3 

I 3 194.1 

8 

3 

3 771.9 

3 

1 

2 294.3 

3 

5 

3 208.2 

6 

2 

I 3 861.8 

3 

1 

. 4- 2 303.134 

4 

3 

3 231.2 

4 

2 

I 4 022.7 

10 

S 

2 356.6 

2 

4 

3 243.2 

6 

4 

'^ 1 4 062. 7 

10 

7 

14- 2 369.891L 

0 

8 

I 3 247.6*FL ! 

lOR 

lOR 

I 4 063.4 

6 ' 

1 

I 2 392.6 

7 

1 

S3B3N1 j 



4 177.7 

6 

2 

2 400.1 

2 

5 

I 3 274. Opt 

lOR 

lOR 

4 249.0 

6 

4 

I 2 441.6 

5 

2 

LS4B4N2 



4 275. 1 

8 

8 

2 473,5 

1 

4 

3 279.8 

5 

3 

4 378.2 1 

8 

8 

I 2 492.2 

5R 

2 

3 290.6 

10 

6 

I 4 480.4 

7 

2 

2 506.4 

1 

6 

3 293.9 

4R 

2R 

4 609.4 

6 

3R 

2 529.4 

1 

5 

3 308.0 

9 

7 

I 4 530.8 

8 

2 

I 2 618.4 

lOR 

3 

3 317.2 

5 

2 

4 587.0 

10 

10 

2 701.1 

1 

5 

3 337.9 

8 

3 

4 651.2 

S 

7 

2 713.6 

1 

5 

3 365.4 

6 

2 

4674.8 i 

5 

3 

I 2 766.4 

10 

4 

3 381.4 

3 

1 

4 704.6 

4 

2 

2 824. 4B, 

10 

5 

3 402.2 

4 

1 

5 016.6 

2 

2 

2 883.0 

6 

3 

3 450.3 

7 

G 

I 5 105,6 

7 

6 

2 961.2SsB2 

9 

6 

3 454.7 

6 

3 





Control 
*Ti 3252.9 
■ tv 3271.1 
V 3267.7 
Control lines: 
SiPb 2189.7 
SsPb 2980. 3 
SjPb 3220.5 

3240.2 
S^Pb 3240.2 

3220.6 

2657.2 
BiSn 2850.6 

Zn 3075.9 
BjSh 3032.8 

3009.1 


Control lines: 
BaFe 3246.0 
Pb 2833.1 
Mg 2802.7 
B^Fe 3271.0 
Sn 3262.3 
NiSn 3223.6 

3218.7 

3141.8 
Pb 3262.4 

3240.2 

3220.5 


Control lines: 

3119.2 
NsSn 3262.3 

3223 . 0 
3218.7 

3141. 5 
Pb 3262.4 

3240 . 2 

3220.5 

3119.5 
N;iSn 2282.2 

Pb 2190.0 


lines: Interfering lines: 

*Co Cr Fe Mo 
tCa Mo Sc 


For explanation of control and interfering line symbols see page 36.5. 



PRNCIPAL LINES BY ELEMENTS 
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TABLE IV {Continued) 

Principal Lines by Elements 

DYSPROSIUM 

Dy 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

3 407. SL 

S 

3 

3 968.4 

10 

10 

4 589.4 

10 

5 

3 40S.il 

S 

3 

3 978.6 

6 

10 

4 612.3 

8 

4 

3 454.4 

6 

10 

4 000. 5p 

8 

10 

4 731. S 

10 

3 

3 494.5 

S 

5 

4 046. Op 

10 

4 

4 957.4 

10 

2 

3 524.0 

5 

10 

4 078. OpL 

10 

10 

5 139.6 

s 

1 

3 531. 7L 

10 

10 

4 103.3 

8 

8 

5 197.7 

8 


3 550.2 

8 

10 

4 111.4 

8 

4 

5 380.7 

6 1 


3 600.3 

6 

10 

4 168. Op 

10 

4 

5 389.6 

6 i 


3 645. 4L 

8 

10 

4 186.8 

8 

4 

5 652.0 

6 


3 676.6 

3 

10 

4 194.9 

8 

4 

6 088. 3 

6 


3 694.8 

6 

10 

4 211. 7p 

10 

5 

6 168.5 

1 6 


3 698.2 

4 

10 

4 221.1 

8 

3 

6 259.1 1 

10 


3 806.3 

6 

10 

4 256.3 

8 

3 

6 422.0 

i 6 


3 898.5 

6 

10 

4 409.4 

8 

3 

6 579.4 

6 


3 944. 7L 

10 

10 

4 449.7 

8 

8 

6 667.9 • i 

6 ' 



ERBIUM 

Er 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

3 372. SL 

10 

10 

4 194.8 

lOr 

2 

5 255.9 

6 


3 499. Ip 

10 

10 

4 375.0 

10 

6 

5 395.9 


2 

3 599,8 

5 

8 

4 419.6 

8 

10 

5 414.6 

6 

1 

3 692.7P 


10 

4 500.8 

8 

6 

5 826. S 

1 6 ! 

1 

3 766.3 

10 

3 

4 675.6 

5 

10 

6 221.0 

6 : 

1 

3 906. 3p 

10 

10 

4 795.5 

s 

3 

6 308.8 1 

« ; 


3 938.7 

8 

4 

4 831. 1 

8 

3 

6 3SS.2 ! 

« i 


4 008.0 

10 

4 

4 951.7 

S 

3 

6 601.1 

6 i 


4 087. 7 

10 

1 








For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Gontinmd) 

Principal Lines by Elements 

EUROPIUM 

Eu 


Wax-elength 

Arc 

Spark 

Wavelength 

Are 

Spark 

Wavelength 

.Arc 

3 6S8.4 

10 

10 

4 

661.9 

10 

10 

6 173.0 

10 

3 725.0 

10 

10 

4 

911.4 

S 

2 

6 188.1 

10 

3 819. 6L 

lOR 

10 

5 

357.6 

9 

1 

6 262.3 

10 

3 907. 1 

10 

10 

5 

402.8 

10 

2 

6 303.4 

10 

3 930. 5L 

10 

10 

5 

451.6 

9 

2 

6 350.0 

10 

3 972. OL 

10 

10 

5 

453.0 

9 

2 

6 437.6 

10 

4 129.7 

10 

10 

5 

547.4 

10 

1 

6 645.2 

10 

4 202.0 

10 


6 

570.3 

10 

1 

G 802.8 

10 

4 205. Op 

10 

10 

5 

577.1 

9 

1 

6 864.6 

10 

4 435.5 

10 

10 

5 

832.0 

10 

3 

7 077. 1 

8 

4 522.6 

10 

10 

5 

967.1 

10 

1 

7 194.8 

8 

4 694.1 

10 

10 

6 

083.9 

9 

1 

7 217.6 

8 

4 627.3 

10 

10 








GADOLINIUM 

Gd 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

.\rc 

Spark 

2 G2S.1L 


10 

3 650.2 

7 

8 

1 4 251.8 

s 

10 

2 655.61/ 


6 

3 604.6 

7 

10 

4 262.1 

9 

10 

2 679. 4L 


8 

3 671.2 

10 

8 

4 297. IL 

4 

4 

2 717. 3L 


8 

3 712.7 

6 

10 

4 325.7 

9 

5 

2 904. 7L 


10 

3 719.5 

9 

10 

4 327.1 

8 

4 

2 955.5 


10 

3 743.4 

7 

10 

4 342. 2 L 

10 

10 

3 032. 9L 

7 

8 

3 768. 4p 

10 

10 

4 346.5 

8 

2 

3 034. IL 

7 

6 

3 796.4 

9 

10 

4 406.7 

4 

10 

3 082.0 

10 

0 

3 814.0 

9 

0 

4 419 

5 

8 

3 100.5 

S 

8 

3 S52.5 

10 

8 

4 421.3 

3 

8 

3 350.5 

7 

10 

3 916.0 

9 

S 

4 430.2 

0 

10 

3 358.6 

7 

8 

4 037.3 

9 

G 

4 43S.2 

5 

S 

3 302.3 

0 

10 

4 049.9 

8 

6 

4 540.0 

4 

10 

3 423.5 

8 

10 

4 063.5 

10 

5 

4 614. 5F 


2 

3 481 . 3 

0 

8 

4 070.4 

9 


4 639. OF 


3 

3 545.. 8 

9 

10 

4 073.8 

8 


5 393.6 

S 


3 549.4 

7 

10 

4 085.6 

8 


5 090. 2F 

s 


3 585.0 

8 

10 

4 098.6 

8 

6 

6 846. 0 

8 


3 592.7 

5 

8 

4 130.4 

10 

10 

G 99 G. 8 

10 


3 646. 2p 

10 

10 

4 137.11/ 

(i 

s 

7 liJ8.3 

10 


3 654.6 

7 

S 

4 184.3 

9 

10 





For explanation of control and interfering line symbols see piijfo 



PRINCIPAL LINES BY ELEMENTS 
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TABLE IV {Coniinued) 

Principal Lines by Elements 

GALLIUM 

Ga 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 1 

W avelength 

1 Arc ' Spark 

I 2 719.7 

3 

8 

I 2 943. 7tL 

lOR 

2 

4 172.1P§F 

; lOR 1 10 R 

2 7S0.2 


9 

2 944. 2L 

5R 

1 

I 6 396.8 

i 10 : 5 

I 2 S74.2’^L 

lOR 


4 033.0ptFL 

lOR 

lOR 

I 6 413.7 

SE. .... 


Control lines: Interfering lines: 

Control lines: 

Interfering lines: 

*!'Cr 2865.1 *Ag Cu Fe Pb Ti V 

tFe 2912.2 

tBi Co Cr Fe Mg Mn 

Fe 2941.3 

V 2S0S.S 


Mo 2S48.2 

JMn 4030. S 

|Co Cr Fe Mo Sb Sr Ti 

Pb 2814.2 

V 4005.7 


Sb 2698.1 

§0s 4112.0 

§Au Co Cr Fe Mo Mn 


GERMANIUM 

Ge 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc ; Spark 

2 417.3 

3 

10 

I 2 754. 6§ 

10 

lOR 

I 4 226. 7p 

7 : 10 

I 2 592. O’** 

10 

lOR 

I 3 039.1pl|L 

lOR 

lOR 

4 260.8 

.... 10 

I 2 651. 2pt 

10 

lOR 

3 067.0 

7 

1 1 

I 4 6S5.S 

5 ! 10 

I 2 651. 6p 

10 

lOR 

I 3 124.8 

i 10 

5 j 

4 814. 7 

.... 9 

1 2 691,4 

10 

10 

I 3 269. op 

10 

10 ; 

5 131.7 i 

7 

2709,7t 

10 

lOR 

4 179.0 


10 

5 229.37 

6 

2740,44 

8 

7 







Control lines; 
*Fe 2588. 0 
Ma 2576.1 
tAl 2660.3 
Be 2348.6 
Cr 2603.4 


Interfering lines: 

*Cd Co Fe Mn Mo Sn 

tAl Be Hg Mg Mn ilo 


Control linos: 

Interfering lines: 

IMu 

2705.7 

YMn -Mo TI W 

V 

2739.7 


§Cr 

2750.7 

§Co Fc Pl 

Fe 

2749.3 


!iCr 

3053.9 

!|Fe Hg Mo Pt W 

Fe 

3047. G 



For exphtnution of mutrol and interfering line symbols see pnge 30.3. 
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TABLES AND CHARTS 


TABLE IV {Continued) 

Principal Lines by Elements 

GOLD 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 000.6 


3 

I 2 748. 3S4 

6R 

4 

3 586.7 



2 082.0 


3 

2 780.8 


3 

3 633.3 


3 

2 201.3 


3 

2 802.2 


10 

3 649.1 


3 

2 229.0 


3 

2 820.0 


8 

3 706.8 


4 

2 242.7 


3 

2 822.7 


3 

3 804.0 



2 283.3 


3 

2 825.4 


4 

3 825.7 


3 

2 291.5 


3 

2 838.0 


3 

I 3 897.9 

4 

8 

2 304.8 


4 

I 2 883.5 

4 

3 

4 016.1 


4 

2 314.7 


3 

I 2 892.0 

4 

2 

4 052.8 



2 340.2 


3 

2 905.9 

6 

3 

I 4 065.1 

G 

8 

I 2 352. 7Si 

4 

3 

2 907. 1 


4 

I 4 241.8 

1 

3 

I 2 364.6 

4 

2 . 

2 913.5 

4 

10 

14 315.1 

1 

3 

I 2 376.3 

3 

2 

2 932.2 

5 

4 

I 4 437.3 

4 

3 

I 2 387.8 

1 4 

3 

2 954.4 


4 

I 4 488.3 

4 

4 

I 2 428.0P*L8* 

lOR 

lOR 

2 990.3 


5 

I 4 607.4 

4 

2 

2 503.3 


5 

2 995.0 


5 

I 4 792.6 

8 

6 

1-2 510.5 

4 

2 

I 3 029.2 

6 

5 

r 4 811.6 

3 

2 

I 2 544.2 

4 

2 

3 117.0 

4 

1 

5 230.3 

2 

3 

I 2 590. 1 

4 

2 

3 122.5 


5 

5 759.9 1 


3 

I 2 641.5 

4 

4 

I 3 122.886 

6R 

S 

I 5 837.4 

4 

6 

I 2 676.0ptFLS3 

lOR 

10 

I 3 194.7 

4 

2 

I 5 863,0 

2 

3 

2 687.6 


3 

I 3 204.7 

4 

3 

I 5 957.0 

2 

3 

2 688.2 


3 

3 230.6 

3 

3 

r 6 278.2 1 

4 

3 

I 2 688.7 

4 

3 

I 3 320.2 

3 

2 

I 7 510,7 

5 


I 2 700.9 

4 

3 

3 553.6 

2 

4 





Control lines: 

Interfering lines: Control lines: 


*Sn 2706.5 

*Ag Mn Pb Pt Sb Sn Sr 

Pt 2650,9 


W 2431.0 


Ta 2685.1 


W 2435,9 


V 2677.8 


tCr 2835.6 

tCo Cu Fe Sb V W 

V 2679.4 


Control lines: 

Control lines: 


Control lines: 

SiPb 2253.9 

SsPb 3240.2 


SiPb 2657.2 

SiPb 2411.8 

3262.4 


SsPb 3240.2 

2428.8 

2657.2 


3119.1 


2926.8 




For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 

INDIUM 

In 


Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

2 062.7 


8 

I 2 713.9 

6R 

1 

I 4 5U.3P§L 

lOR 

10 

2 079.2 

4 

10 

I 2 753.9 

6R 

3 

4 638.9 


10 

I 2 306.1 

5 

7 

2 836.9 

8 


4 656.6 


10 

I 2 340.2 

6R 


1 2 932.7 

6R 

4 

4 681.9 


10 

I 2 389.6 

8R 


2 941.2 


S 

I 5 248.6 


10 

I 2 460.1 

6R 


3 008.2 


10 

} 5 644.9 


10 

I 2 468.0 

4R 


I 3 039. 4*P 

lOR 

4R 

! 5 819.9 

4 

10 

I 2 521.4 

SR 

1 

I 3 256.1tPL 

lOR 

8R 

:! I 6 847.8 

1 8 ' 


I 2 560.2 

8R 

3 

I 3 258. 5L 

6R 

3 

j 0 891. 3 


10 

I 2 710.3 

lOR 

3 

I 4 lOl.SpJF 

SR 

10 

! 6 900.4 

1 1 

i ’b” 

i 



Control lines: 
=i'Cr 3053.9 
Fe 3047.6 
Ni 3057.6 
Pt 2830.3 
tCd 2288.0 


Interfering lines: 

*Co Fe Ge Sb VT 


tBi Fe Mn Mo Pt 


Control lines: Interfering lines: 

Ti 3252.9 

JCb 4079.7 tCr Fe Mn Mo Ni 
V 4095.5 

§Ti 4523.8 |A1 Ce Ca Cr Cu Mg 

Pb Pt Ti V W 


For explanation of control and interfering line symbols see page 365. 
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TABLK I\’ {Continued) 

PuiNc’iPAij Lines by Elements 

IRIDIUM 


Ir 


Wavelength 

Arc 

Spark 

"Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

2 372. SL 

4 

2 

3 516.0 

6 

3 

5 046.1 

S 


2 544.0* 

5 

4 

3 522. 1 

6 

4 

5 123.7 

S 


3 639. 7t 

4 

3 

3 573.7 

6 

6 

5 177.9 

s 


2 662.0 

6 

3 

3 605. S 

2 

10 

5 238.9 

10 


2 664. 

5 

3 

3 609. S 

6 

3 

5 273.8 

6 


2 694.2§SiGi 

0 

3 

3 617.2 

6 

4 

5 340.7 

s 


2 824.411 

6 

4 

3 628. 7 

7 

5 

5 364.3 

10 

... 

2 833.2 

4 

10 

3 636.2 

6 

3 

5 3S5.6 

7 


2 836.4S2Gs 

4 

2 

3 675.0 

4 

4 

5 391.0 

7 


2 839. 2S4 

6 

2 

3 731.4 

4 

S 

5 449.5 

10 

1 

2 84O.2S3GS 

4 

3 

3 747.2 

5 

0 

5 454.5 

10 


2 849. 7p^ 

7 

4 

3 800.1 

G 

6 

5 620. 1 

0 


2 924.S**LS6G4 

S 

4 

3 976.3 

5 

10 

5 625.0 

10 


2 934.6S6G6 

6 

3 

3 992.1 

6 

6 

5 709.3 

6 


2 936.7SvGb 

5 

3 

4 020.1 


S 

5 736.2 

5 


2 943.2 

7 

4 

4 069.9 

4 

8 

5 828.0 

7 


3 100.4 

S 

3 

4 399.5 

6 

S 

5 882. 3 

9 


3 133.3ttLSsG7 

6 

5 

4 426.3 

6 

4 

5 894.1 

10 


3 220.8Pt:!:LS»Gs 

8 

5 

4 616.4 

6 

2 

6 067. 9 

7 


3 266.5 

S 

3 

4 938.1 

10 


6 110.7 

8 


3 36S.5 

8 

3 

4 970.5 

8 


6 288.3 

7 


3 437. Ip 

S 

4 

4 999.7 

10 


6 334.5 

6 


3 449.0 

7 

4 

5 002.7 

10 


6 086.1 

7 


3 613.7p§§ 

9 

8 

5 015.0 

10 






Control lines: 

Interfering lines: 

Control lines: 

Interfering lines: 

*Co 2535.9 

*Au Fe Co Cs Ain Na 

Fe 2844.0 


Co 2564.0 


Alg 2802 . 7 


tAu 3029.2 

tAl Cd Cr Fe Mn Mo 

■i'^A'Io 2891.0 

**Co Cu Hg Ain AIo Tl 

Mn 2638,2 


ttBe 2348.0 

ttAu Be Cd Cr Hg AIo So 

tCo 2587. 2 

JAu Fe AIo Pb Pt 

Cr 2849.8 


Cr 2762.6 


Hg 3650.2 


Pb 2873.3 


Ni 3012.0 


§Fe 2704.0 

§Au Fe Ain W 

tJFe 3225.8 

nMn Mq Pb 

II Cr 2860.9 

II Ag Co Cu Cr Fe Mn 

Ti 3242.0 


Cu 2961.2 


§§Co 3409.2 

§§Ag Co Co Cu Fo AIo Ni 

Fe 2844.0 


Fe 3521.3 


^Cr 2843.3 

IlCr Fe Xi Pd Sb Sn W 

Ni 3619.4 


Control lines: 

Control lines: 

Control lines: 

SiPt 2698.4 

S»Pt 

3301.9 

G:.Pt 2919.3 

SsPt 2834.7 


3204.1 

2921.4 

SaPt 2834.7 


3200.7 

GePt 2919.3 

SjPt 2834.7 


3156.6 

2921.4 

SsPt 2919.3 


3230.3 

G-Pt 3156.6 

2921.4 


3212.5 

G»Pt 3301.9 

ScPt 2919.3 

GiPt 2698.4 

3204.1 

2921.4 

G2Pt 2834. 7 

3200.7 

SrPt 2919.3 

GaPt 

2834.7 

3230.3 

2921.4 

GtPt 

2919.3 

3233.4 

SaPt 3156.6 


2921.4 

3212.5 


For explanation of control and interfering line synibolH set; page 365. 
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TABLl^ IV (Conliriued) 

Pkinc’ipal Lines by Elements 

IRON 

Fe 


Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 


Wavelength 

Arc 

Spark 

2 000.3 

3 


2 300.1 




2 472.35 



2 020.6 

3 


2 310.01 

5 


I 

2 472.87 

5 


2 040.6 

3 


2 313.1 



I 

2 472.91 

4 

1 

2 063.7 

3 


2 327.39 

6 



2 473.10 

4 


2 084.2 

4 


2 332.80 

6 

— 


2 474.82 

5 

o 

2 093.7 

4 


2 338.01 

6 


I 

2 479. 7S 

4 

1 

2 106.4 

4 


2 343.50 

7 

.... 


2 4S3.2SJ 

5R 

1 

2 139.7 

5 


2 344.3 

4 



2 4S3.54 

4 


2 144.4 

5 


3 348.12 


.... 

I 

2 4S4.10 

0 


2 151.7 

5 


2 348.3 

5 



2 4S6.3S 

4 

3 

2 159.9 

5 


2 351.2 

4 



2 486.69 

4 

1 

2 165. S 

5 


2 354.9 

6 

.... 


2 487.07 

4 

1 

2 166.8 

6 


2 359.11 

6 



2 487.37 

4 

1 

2 171.3 

3 


11 2 360.3 

5 


I 

2 488.15 

4 

2 

2 178.1 

5 


2 362.1 

8 


I 

2 489.76 

6 


2 191.8 

5 


2 364.83 

8 


I 

2 490.66 

4 


2 196.0 

5 


2 366.59 

5 


I 

2 491.10 

4 


2 199.0 

5 


II 2 368.59 

7 



2 493.3 


S 

2 200.7 

5 


2 370.5 

6 



2 496.54Si 

5 

1 

2 213.6 

4 


2 373.62 

4 

.... 


2 49S.SSS5 — 

10 


2 221.3 

4 


11+2 373.737 

6 

4 


2 501.14Sc 

3 


2 229.1 

6 


II 2 375.19 

4 



2 502.548: 



2 231.2* 

7 


2 379.28 

4 

3 


2 507.90 

4 

1 

2 240.6 

5 


2 380.76 

4 

3 

1 I 

2 510.S4S5 

6 

1 

2 245.6 

6 


II “2 382.04P*LBi 

S 

10 


2 511.S 


5 

2 248.9 

6 


NiSi 




2 512.37 

4 


2 249.2 

7 


2 383.25 

4 

2 


2 317.66 

4 

1 

2 251.9 

6 


2 388.63 

6 

3 

I 

2 51S.llSj 

C 

1 

. 2 253.2 

i 6 


2 389.98 

4 


I 

2 622.S6SW 

4 1 

3 

2 235.8 

7 


2 395.42 

4 

3 


2 523.66Sii 

4 ! 

1 

2 260. S 

6 


11 2 395.63ptSi 

8 

4 

I 

2 524.29 

0 

1 

2 265.2 

3 


2 399.24 

6 

5 


2 525.4 


4 

■2 266.9 

3 


2 404.43 

4 

2 

I 

2 527.44 

4 

2 

2 267. 1 

5 


II 2 404.S9pS3 

0 

6 

: I 

2 529.14 

U 

1 

2 267.6 

5 


i 2 406.66 

6 

4 

i I 

2 529.84 

6 


2 272.8 

i 5 


II 2 410.5.3p 

0 

5 


2 533.7 


5 

2 274 . 1 

1 5 


j 2 411.07 

6 

3 

! I 

2 535.01 

6 


I 2 270.0 

5 


' +2 413.310P 

6 

3 


2 537. IS 

6 


2 279,9 

; 6 


j 2 4.39. 7.> 

4 

1 

i I 

2 540. 9S 

0 . 


2 280.2 



1 2 442.57 

4 

1 1 


2 542 . 1 1 

5 

1 

2 287.3 

1 5 


1; 2 443.87 

4 

1 ; 


2 543.93 

5 ! 

1 

2 2S7.0 

' 3 


2 444.5 


4 ; 


2 544.72 

4 


2 289.(1 

0 


I 2 447.72 

4 

2 : 

! I 

2 549.62 

0 


2 200.0 

5 


2 453.48 

4 

1 

II + 2 .502.541 

5 

5 

2 201. 1 

0 .... 

2 457.60 

6 

1 i 


2 563. 4.S 

'* 

4 

2 202.5 

3 .... 

I 2402.19 

0 

1 ' 


2 ,506.92 

4 

3 

I 2297.S 

(j 

.... 

I 2 462.65 

0 

1 


2 570 . 54 


1 

I 2 29S.2 



2 405. 10 

5 



2 .570 . SO 



I 2 209 . 2 


.... 

; 2 40.8 . S.S 


1 



' ; 



Fdi- i‘xpl:inution of control mill iiitorferiny line .sviuhols sec piifie •'•'■'i- 
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TABLES AND CHARTS 


TABLE IV" {Continued) 
Principal, Lines by Elements 
IRON {Continued) 


Wavelength 

Arc f 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 575.76 

4 

1 

2 704.00 

3 

4 

I 2767.52 

7 


2 676.70 

4 


2 706.59 

5 

2 

2 772.08 

4 


2 576.87 

4 

3 

2 708.58 

4 

1 

I 2 772,11 

6 


2 577.94 

4 

3 

2 710.55 

4 

1 

2 773.23 

4 

1 

II 2 582.31 

4 


2 711.66 

5 


I 2774.73 

4 

2 

2 582.59 

4 

4 

11+2 714.419 

6 

5 

1 + 2 778.225 

6 

1 

2 584.54 

4 

1 

2 714.88 

4 


2 778.85 

4 

1 

II 2 685.88 

7 

10 

2 718.45 

4 

1 

2 779.30 

3 


2 587.96 

3 


2 719.04 

7 

2 

I 2 781.80 

4 

1 

+2 588.006 

5 

3 

2 719.43 

4 

2 

2 783.69 

3 

5 

n 2 591.55 

4 

4 

I 2 720.91 

7 

2 

2 787.94 

4 


2 592.80 

4 

4 

I 2 723.58 

6 

2 

2 788.11 

6 

2 

2 598.38 

7 

8 

2 724.89 

3 

3 

2 789.81 

3 

1 

11 2 599.40§Sw 

6 

10 

2 724.96 

4 


2 791.79 

1 3 

1 

2 599.57 

3 


2 726.06 

4 

1 

2 797.78 

1 4 

1 

2 606.83 

5 


: 2 726.24 

3 

1 

2 804.52 

7 

1 

2 607.10 

7 

10 

2 727.39 

3 

2 

2 806,99 

7 

2 

II 2 611.88 

8 

10 

2 727.54 

5 

6 

1+2 813.290 

9 

2 

2 613.84 

8 

8 

2 728.03 

4 

1 

2 823.28 

7 

2 

2 617.62 

6 

6 

2 730.74 

4 

3 

2 825.50 

6 

1 

2 618.03 

4 

1 

I 2 733.58 

9 

2 

I 2 825.69 

4 

1 

2 619.08 

3 

2 

2 734.01 

4 

1 

I 2 827.89 

4 

1 

2 620.42 

3 

2 

2 734.27 

4 

1 

2 831.56 

3 

4 

2 620.70 

3 

2 

I 2 735.48 

8 

2 

2 832.44 

6 

1 

2 621.67 

6 

! 4 

II 2 736.97 

4 

4 

2 838.12 

6 

1 

2 623.54 

4 

1 

I 2 737.31 

6 

1 

2 843.63 

5 

1 

2 625.50 

4 

3 

II +2 739.55ON3 

9 

10 

2 843.97 

7 

2 

11 2 625.68 

8 

4 

I 2 742.26 

4 1 

1 

2 845.60 

4 

2 

+2 628.296 

6 

8 

I 2 742.41 

6 

1 

2 848.72 

4 

1 

I 2 629.60 

5 

3 

n 2 743.20 

6 

8 

+2 851.80 

8 

2 

2 630.08 

3 

2 

I 2 744.07 

8 

1 

I 2 858.90 

4 


2 631.06N2 

6 

4 

2 744.53 

5 

1 

2 863.43 

4 

1 

2 631.33 

6 

3 

II 2 746.49 

7 

10 

I 2 863.87 

5 

1 

2 632.25 

4 

1 

II 2 746.99 

7 

8 

2 866.63 

4 

1 

2 635.82 

4 

1 

2 749.18 

4 


I 2 869.31 

6 

1 

2 641.65 

3 

1 

II 2 749.3211 

7 

10 

2 872,34 

4 

3 

2 651.72 

3 

1 

I 2750.15 

6 

2 

1+2 874.176 

7 

1 

2 656.15 

3 

1 

2 750.87 

4 


2 877.30 

5 

1 

2 664.67 

3 

4 

2 753.29 

4 

5 

2 88O.76S1, 



2 666.64 

3 

4 

2 753.69 

4 

1 

2 887.81 

4 

1 

2 666.82 

4 


I 2 754.03 

4 

1 

2 894.51 

4 

1 

+ 2 679.065 

6 

2 

II 2 755.74lILSi3 

8 

10 

2 895.04 

4 

1 

2 681.59 

4 


I 2 756.33 

5 

1 

2 899.42 

I 4 

1 

2 684,76 

3 

4 

2 757.32 

4 

1 

1+2 912.167 

i 8 

2 

2 689.22 

5 

2 

2 759.82 

4 

1 

2 918.0.3 

i 5 

2 

2 689.84 

4 

1 

I 2 761.79 

5 

2 

2 923.8SSi5 

4 


2 692.61 

3 

4 

2 761.81 

4 


H 2 926.,58Sia 

7 

3 

2 694.54 

4 


I 2 762.03 

5 

1 

I 2 929.01 

7 

1 

2 696.00 

4 


2 763.11 

4 

1 

I 2 936.90 

7R 

2 

2 696.29 

5 


2 764.33 

4 

1 

2 937.81 

6 


2 699.11 

4 

1 

I 2 766.91 

4 

1 

1 + 2 941.347 

8 

3 


For explanation of control and interfering line symbols see page 3(55. 
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TABLE IV {Continued) 

Peincipal Lines by Elements 


IRON {Continued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

' Arc 

Spark 


2 944.40Si7 

4 

4 

I 

3 067.25 

5 

3 

I 

3 227. S2 

4 



2 947.66 

4 

4 


3 068.18 

4 

1 

3 228.26 

4 

1 

I 

2 947.88 

5 

3 

1+3 075.725 

5 

3 

3 233.06 

5 

2 


2 948.44 

4 

1 

I 

3 083.75 

4 

3 

3 233.98 

6 



2 950.25 

6 

1 

I 

3 091.58 

4 

2 

3 234.62 

5 

1 

I 

2 953.94 

4 

2 

I 

3 099.90 

4 


1 3 236.23 

5 

1 

I 

2 957.37 

5 

2 

I 

3 099.97 

4 

4 

3 239.44 

S 

2 


2 960.00 

4 

2 

I 

3 100.31 

4 

2 

3 244,19 

8 

2 

I 

2 965.26 

5 

2 

I 

3 100.67 

4 

3 

3 246.97 

4 

1 

I 

2 966.90 

6R 

3 

I 

3 116.64 

5 

1 

3 248.21 

6 

1 

I 

2 969,48 

4 

2 


3 119.50 

4 

1 

3 251.24 

5 

1 

I 

2 970.11 

4 

2 


3 120.44 

4 

1 

3 254.37 

4 

2 

I 

2 973.14 

4 

2 

1+3 125.661 

6 

2 

3 257.60 

4 

1 

I 

2 973.24 

4 

2 


3 129.34 

4 


3 264.52 

4 

1 

I 

2 981.45 . K 

4 

2 

I 

3 134.11 

5 

1 

3 265.05 

3 

1 

n 

2 984.83 Vl 

4 

6 


3 142.45 

4 

1 

3 265.62 

6 • 

2 

1+2 987.293 / 

5 

1 


3 142.89 

4 

1 

3 268.25 

4 



2 990.40 

4 

1 


3 143.99 

6 

1 

+ 3 271.003 

6 

2 

I 

2 994.44 

6R 

3 


3 151.35 

6 

1 

3 280.27 

5 

1 


2 999.62 

5 

2 


3 157.04 

4 

1 

3 282.90 

4 

1 


3 000.45 

4 

1 


3 157.88 

4 

1 

3 284.59 

4 

1 

I 

3 000.95 

5 

2 


3 160.66 

6 

1 

3 286.76 

8 

3 


3 007.15 

4 

1 


3 161.95 

5 

1 

3 290.99 

4 

1 

I 

3 007.29 

4 

1 


3 166.44 

4 

1 

3 292.03 

5 

1 


3 008.15 

5 

2 


3 171.35 

4 

1 

3 292.60 

5 

1 

I 

3 009.58 

5 

2 

+3 175.449 

6 

1 

3 298.14 

5 

1 


3 011.49 

4 

1 


3 178.01 

6 

1 

3 305.98 

S 

3 

I 

3 017.63 

5 

2 


3 180.23 

8 

2 

3 306.36 

S 1 

3 

I 

3 018.99 

5 

2 

I 

3 180.77 

4 


3 314.75 

6 ; 

1 

I 

3 020.50 

5 

2 


3 181.53 

4 

1 

+3 323.739 

4 1 

1 

I 

3 020.65*’»' 

6R 

3 

I 

3 184.90 

4 

1 

3 328.87 

4 ! 

1 

I 

3 021.08Sii. 

6R 

3 


3 188.84 

5 

1 

3 337.67 

4 1 

1 

I 

3 024.04 

.5 

2 


3 191.66 

5 

1 

3 341.91 

4 1 

1 


3 025.64 

4 

2 


3 192.81 

5 

2 

3 347.93 

4 i 

1 

I 

3 025.85 

5 

2 


3 196.94 

4 

2 

3 355.23 

4 1 

1 

I 

3 026.47 

6 

2 

I 

3 199.53 

6 

1 

+®3 370.787 


2 

+3 030.152 

4 

2 


3 200.48 

6 

1 

3 378.68 

4 

1 


3 031.22 

4 

2 


3 205.40 

7 

1 

“3 379.02 

4 j 

1 

I 

3 031 . 64 

5 

2 


3 210.25 

4 

1 

“a 380.115 

5 i 

1 

I 

3 037.39 

.5 

3 


3 210.84 

5 

1 

3 383.70 

4 1 

1 


3 040.43 

4 

2 


3 211.70 

4 

1 

3 383.99 i 

'> i 

1 

I 

3 041.75 

4 

2 


3 212.00 

4 

2 

3 392.31 

4 j 

2 

I 

3 042.03 

4 

1 

II 

3 213.32 

4 

2 

“S 392.657 

5 

2 

I 

3 042.67 

5 

2 


3 214.05 

8 

2 

3 394.59 

4 ! 

1 


3 046.09 

4 



3 215.94 

5 

2 

I "3 396.982 

3 

1 

I 

3 047.61 

6 

3 


3 217.39 

4 

1 

+ 3 399.337 

6 

2 


3 053.07 

4 

1 


3 219.58 

5 


I ®3 401.523 

4 

1 


3 055.27 

4 



3 219.82 

4 


°3 402.261 

4 

1 

1 

3 057.45 

5 

3 


3 222.07 

6 

3 

3 404.35 

6 

2 

I 

3 059.09 

5R' 

3 

+ 3 225.790 

8 

3 

”3 407.465 

1 7 

4 


3 067.12 

4 


II 

3 227.76 

4 

5 

°3 413.136 

7 

3 


For explanation of control and interfering line symbols see page SOo. 
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TABLES AND CHARTS 


TABLE IV {Conlinued) 

Phi NCI PAL Linjes by Elements 

IRON (Continued) 


VVavelcngtli 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

°3 417.84") 

0 

2 

°3 546.64 

- 

1 

3 682.24 

0 

3 

418.511 

5 

2 

3 553.74 

5 

2 

I 3 683.06 

■4 


3 422.01) 

4 

2 

3 554.93 

S 

4 

°3 684.113 

5 

2 

°3 424.288 

0 

2 

+°3 556.882 

6 

2 

3 686,00 

5 

o 

r 3 420.39 

4 

1 

1+^3 558.18 

5 

4 

I “3 687.460 

OR 

4 

3 426.04 

0 

1 

I °3 565.382 

6R 

5 

3 689.46 

OR 

4 

°3 427. 124 

0 

4 

3 508.98 

4 

1 

”3 690.732 

2 


3 428,20 

(> 

2 

1 3 570. 10 

7R 

10 

3 694.00 

0 

2 

I 3 440.01S5O 

7E, 

4 

3 570.24 

7 


“3 695.055 

3 

2 

I 3 440.99 

OK 

4 

3 572.00 

7 

2 

3 701.09 

0 


3 442.37 

4 

1 

°3 576. 701 

4 

1 

“3 702.035 

1 


I 3443.88 

OR 

3 

°3 581 . 196tt 

8R 

10 

“3 704,464 


2 

-|-°3 445.153 

4 

2 

°3 582.202 

4 

2 

I °3 705.569 

OR 

4 

=3 447.282 

0 

1 

®3 584.664 

5 

2 

“3 707,051 

3 

1 

°3 450.334 

0 

1 

3 584.90 

5 

2 

3 707.83 

3 


3 451.92 

0 

1 

I °3 585.322 

0 


3 707.92 

|_5 

4 

I 3 452.28 

4 

1 

I 3585.71 

5 

3 

3 709.25 

6 

4 

°3 458.307 

3 

1 

°3 580. 110 

5 

3 

“3 711.227 

2 


3 459.92 

4 

1 

I 3 586.99 

6 

3 

“3 715.916 

2 


I °3 405.864 

OK 

3 

I °3 589.109 

4 

1 

3 716.45 

6 


3 408.85 

4 

1 

“3 589.45 

3 

1 

I “3 719.936PSso 

8R 

10 

I 3 475. 40 

OR 

3 

°3 594.035 

5 

3 

I “3 722.506 

OR 

4 

3475.05 

4 


°3 603.207 

5 

3 

+ “3 724.38 

0 

2 

I =3 470.700 

5 

3 

j 3 605.40 

5 

3 

I “3 727,623 

OR 

5 

I 3 483.01 

4 

1 

4-°3 600.082 

5 

4 

“3 732.400 

0 

1 

-+°3 485.343Hn 

0 

1 

°3 608.803 

6R 

0 

I “3 733.320 

OR 

3 

"3 489.074 

4 

1 

i 3 612.08 

4 

1 

I “3 734. 809 it 

9R 

10 

I 3490.58 

(iR 

4 

1 °3 617.792 

6 

3 

I “3 737, 14p 

7R 

() 

“3 495.290 

4 

2 

I ’>3 618.771 

OR 

0 

“3 738.310 

4 

2 

“S 497.111 

4 

2 

'=’3 621.465 

6 

3 

“3 742,624 

1 


I “3 497.844 

5 

3 

3 622.01 

6 

3 

3 743.47 

4 

6 

“S 500.501 

.5 

1 

1 “3623.189 

5 

2 

I “3 745 . 504p 

7R 

5 

I-t-°3 513,821 

5 

3 

1 °3 625. 149 

4 

1 

1 “3 745.904P 

6 

4 

I °3 521.205 

5 

3 

1 °3 630.353 

3 

1 

I “3 748.205P 

6R 

4 

3 524.08 

4 

1 

1 3 031. 10 

5 

1 

I “3 749.489 

8R 

30 

3 524.24 

4 

1 

j I “3 631.467 

OR 

0 

I + “3 753.615 

5 

2 

I 3 520. C2 

4 

2 

|| “3 032.043 

6 

2 

“3 756.943 

3 

1 

I 3 526. 17 

5 

2 

i 3634.34 

5 

1 

I “3 758.237 

7R 

S 

3 520 . 3S 

3 


1 3 637.86 

4 

1 

“3 760.054 



3 520.47 

4 

1 

!| °3 038. 301 

6 

2 

I “3 703.792 

OR 

G 

3 520.07 

5 

1 

+ °3 640.392 

0 

3 

“3 765.544 

6 

3 

3 527.80 

4 

1 

1 °3 645.826 

4 

2 

I “3 767.196 

OR 

5 

°3 529. S20 

4 

1 

i I “3 647.845 

6R 

0 

“3 774.827 

2 


3 530.38 

4 

1 

j| “3 649.510 

0 

3 

“3 776.4,59 

2 


3 533.01 

4 

1 

“3 051.473 

6 


“3 781.191 

1 


3 533.20 

5 

2 

1 3 655.47 

4 

1 

“3 785.951 

5 

2 

3 .536.50 

0 

3 

“3659.521 

5 

1 

I “3 7S6.681 

3 

2 

3 537.73 

4 

1 

1 “3 669.524 

6 

2 

“3 787.883 

OR 

4 

3 540. 13 

4 

1 

+ “3 670.314 

4 

1 

“3 790.090 

4 

2 

°3 541.087 

6 

3 

+ “3 677.630 

0 

2 

“3 794.342 

3 

1 

°3 542.080 

6 

3 

I “3 679.917 


3 

I “3 795.005 

0 



For explanation of control and intorfcring line symbols see page 3fi5. 
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TABLE IV (Continued) 

Principal Lines bt Elements 


IRON (Continued) 


Wavelength 

Arc 

Spari 

Wavelength 

Are 

i 

jSpar 

vjl Wavelength 

1 Arc .'Spark 

“S 797.518 

5 

3 

I °3 917.185 



!l 

1 “’4 120.210 

u 


I “S 798.514 

6 

4 

3 918.65 

4 

1 

i °4 121.S05 

j 0 

! 

I “3 799.550 

6 

5 

I "S 920.260 

6 

4 

j °4 122.519 

i 2 


+°3 805.346 

0 

3 

I °3 922.914 

6R 

4 

°4 127.611 



°3 806.702 

6 

3 

°3 925.945 

3 

1 

I I °4 132.060 

i 7 


I “3 807. 540 

4 

2 

I °3 927.921 

6 

4 

j -f°4 132.902 

^ 3 


I 3 812.97 

6 

4 

I °3 930.299 

7R 

4 

1 +°4 134.680 


.> 

03 814.527 

2 


“3 932.631 

3 

1 

°4 137.000 

' 3 

, 

I “3 815.843 

7E 

10 

+“3 936.816 

4 

1 

j “4 143.418 

5 

3 

I 3 820.43 

8E 

10 

°3 937.331 

2 


I ‘’4 143.870 



“3 821.161 

6 

3 

I+‘’3 940.882 

4 

1 

H-°4 147,073 

‘ 4 

1 

I “3 824.445 

6R 

6 

°3 942.443 

3 

1 

'*4 154.501 

4 


I »3 825.885 

8E, 

8 

“3 948.778 

4 

2 

4 154.82 

4 

.} 

I “S 827.826 

6R 

S 

3 949.96 

4 

2 

+'’4 156.803 

4 

0 

°3 833.313 

4 

1 

3 951.17 

4 

2 

“4 170.904 

P 


I “3 834.225 

7R 

6 

°3 952.605 

4 

1 

H-®4 175.639 

4 

0 

“3 839.260 

5 

2 

°3 966.459 

4 

2 

°4 177.596 

0 


I "3 840.440 

6R 

4 

03 956.680 

6 

3 

°4 181.758 

6 

4 

I »3 841.052 

6R 

5 

I “3 966.066 

5 

2 

+°4 184. 894 

4 


-h®3 843.261 

5 

2 

®3 967.423 

4 

2 

4 187.05 

6 

4 

"S 846.805 

5 


I °3 969.26 

7 

5 

4 187.81 

6 

4 

I “S 849.971 

6 

4 

“S 971.325 

4 

1 

+°4 191.436 

6 

3 

I-|-“3 850.820 

5 

2 

+ °3 977.744 

5 

2 

4 198.31 

6 , 

3 

I *3 852.577 

3 

2 

“3 981.774 

3 

1 

4 199.10 

6 i 


I *3 856.373 

6R 

5 

“S 983.960 

5 

2 

I ‘'4 202.030 

7 ' 

6 

3 859.22 

5 

2 

“3 986.176 

3 

1 

+“4 203.987 : 

3 ' 

1 

*3 859.914rS83 

7R 

6 

°3 997.395 

6 

3 

4 210.36 ' 

6 i 

3 

I +“3 865.527 

6 

4 

3 998.06 

5 

2 

“4 213.649 

2 ! 


03 867.220 

3 

2 

1 *4 OOn . 246 

7 

0 

‘■4 216.188 ; 

4 

1 

“3 871.752 

2 


'4 009.716 

5 

2 

+°4 219.364 

5 

3 

I "3 872.505 

6 

4 

®4 014.534 

4 

2 

4 222.22 1 

5 ^ 

2 

°3 873.764 

4 

2 

+ °4 021.870 

5 

2 

4 225.46 i 

4 ; 

1 

I “3 878.022 

0 

4 

“4 031.964 

2 


°4 226.423 ‘ 

2 


I ®3 878.575 

6R 

5 

“4 044.614 

2 


4 227.44 

7 

4 

3 878.66 

4 


I °4 045.S16§§ 

8R 

10 

+ '■4 233.609 

0 

3 

°3 883.286 

2 


°4 062.486 

4 

2 

4 233.95 ; 

s 

4 

°3 884.362 

2 


I 4 063.60i|||S»s 

SR 

10 

4 23S.S2 ■ 

4 ' 

2 

I “3 886.286824 

7R 

5 

°4 066.979 

4 

1 

-r“4 245.260 I 

2 


I °3 887.051 

6 

3 

“4 067.275 

3 1 

1 

4 247.44Su 6 i 

5 

2 

I “3 888.518 

7 

4 

•’4 067.983 i 

5 i 

1 

4250.13 

7 

4 

3 891.93 

4 

1 

I 4 071.74 j 

7 i 

s 

I °4 250.7S9S>r 

S 

ti 

3 893.40 

4 

2 

+ °4 074.789 i 


1 

4 260.4880, i: 

10 

10 

I “3 895.658 

5 

3 

+°4 076.638 ! 

5 1 

2 

”4 267.830 I 

2 


3 897.90 

4 

2 

'>4 085.008 1 

2 i 


I °4 271 . 764«| 

S 

10 

I 3 898.01 

4 

2 

+ °4 095.973 i 

3 ! 

1 

+ ‘■4 2S2.406S:» j 

6 

3 

I “3 899.709 

6 

4 

'’4 098.183 1 

3 i 

1 

I °i 294 . 1288.11 j 

6 

4 

I “3 902.950 

7 

5 

°4 100.740 j 

2 ; 


■=4 298.041 ! 

2 


°3 903.902 

3 

1 

“4 107.492 i 

5 ' 

2 

4 299.24 ' 

7 

4 

l + °3 906.482 

5 

3 

°4 109.806 

4 

2 

'’4 305.455 

2 


+ °3 907.937 

3 

1 

“4 114.449 1 

4 ! 


I 4 307. 90 7 *•■■■■* ; 

s 

10 

°3 910.847 

2 


+ °4 118.549 ; 

6 ; 

1 

J 

I + °4 315.087 

; 

,3 


For explanation of control and interfering line syniboU see page ddo. 
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TABLES AND CHARTS 


TABLE IV (Ctmtinued) 
Principal Lines by Elements 
IRON {Continued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

I 4 325.7C4-rtt 

9 

10 

°4 673.168 

3 

1 

“5 106. 2SG 

3 

1 

H 327.099 

2 


4 678.86 

5 

2 

4-“5 167.49 

S 

4 

I °4 337.050 

5 

2 

-F°4 691.414 

4 

2 

I °5 168.901 

3 

1 

'“4 346.559 

2 


H-°4 707.282 

5 

2 

II 5 169.03 

2 


°4 351.550 

3 


H-°4 710.287 

3 

1 

I °5 171.599 

7 

2 

+ °4 352.738 

4 

2 

H-“4 733.596 

3 

1 

I 5 191.40 

7 


°4 358.505 

2 


-|-°4 736.782 

5 

3 

I-f-°5 192.353 

8 

2 

°4 367.583 

2 


4- “4 741.533 

3 

1 

I 5 194.95 

5 

1 

■=■4 369.776 

3 

2 

°4 745.805 

3 

1 

I °5 198.712 

4 

1 

+ °4 375.933 

5 

2 

H-°4 772.818 

3 

1 

I-f^S 202.339 

5 

1 

I “4 383.549tHS3i! 

10 

10 

°4 786.809 

3 

1 

I-f'’5 216.227 

5 

1 

°4 387.888 

2 


“4 788.759 

2 


°5 227.189 

S 

4 

°4 390.955 

3 

1 

4-°4 789.654 

3 

2 

H-®5 232.948 

8 

5 

I ■’4 404.763§§§ 

8 

10 

“4 802.881 

2 


°S 242.492 

3 

1 

‘■4 407.716 

2 


H-*4 869.749 

2 

2 

H-'S 250.650 

3 

1 

I “4 408.419 

4 

1 

I 4 871.33 

8 

4 

I -[-'=’5 266.564 

8 

3 

I -=4 415.126 

8 

10 

I 4 872.15 

6 

3 

I ''5 269.537 

10 

8 

°4 422.572 

4 

2 

1+04 878.219 

5 

2 

+■>5 270.30 

8 

4 

+ ‘’4 427.313 

5 

2 

I 4 890.77 

7 

4 

I 5 281.80 

.5 

2 

I ‘=4 430.620 

4 

1 

I 4 891.50 

9 

5 

I 5 283.63 

7 

2 

"4 435.153 

2 


H-<“4 903.32 

5 

2 

302.309 

5 

2 

I »4 442.345 

5 

2 

H-°4 919.001 

8 

4 

'>5 307.361 

2 


®4 443.197 

3 

2 

I 4 920.52 

10 

8 

I-|-“5 324.187 

6 

5 

I «4 447.723 

5 

2 

+°4 924.776 

3 

1 

I 5 328.04 

7 

0 

«4 454 , 384 

3 

2 

I 4 938.83 

5 

1 

+ “5 328.534 

4 

2 

I “4 459 . 122 

5 

3 

l+°A 939.691 

3 

1 

“6 332.901 

2 


“4 461.655833 

4 

2 

I 4 957.31 

7 

3 

-h°6 341.026 

5 

2 

+-<=4 466.556 

5 

3 

I 4 967.61 

10 

8 

I-|-°5 371.493 

7 

0 

4 469.39 

4 

3 

-[-°4 966.099 

5 

1 

6 383.37 

5 

6 

‘’4 476.022 

7 

4 

4 983.86 

4 

1 

I “5 397.132 

6 

0 

I 4 482.26 

4 

4 

H-'’4 994.13 

3 

1 

I-|-'’5 405.779 

6 

6 

4 489.742 

3 

1 

+®5 001.872 

5 

2 

5 415. 19 

4 

6 

°4 490.085 

2 


I 5006.13 

5 

2 

5 424.06 

4 

S 

I “4 494.568 

4 


14- °5 012.072 

4 

2 

I °5 429.700 

6 

6 

“4 514.190 

2 


°5 041.074 

3 

1 

I-f-°5 434.527 

6 

5 

°4 517.528 

2 


I4-°5 041.759 

3 

1 

I °5 446.920 

6 

6 

I °4 528.619 

7 

6 

I4'°5 049.825 

5 

2 

H-°5 455.613 

6 

6 

H-°4 531.152 

5 

2 

I °5 051.637 

4 

1 

I 5 473,91 

3 

1 

-+-'’4 547.85 

3 

2 

I 5 079.23 

3 

1 

I-)-°6 497.520 

4 

2 

“4 587.134 

2 


I 5 079.74 

3 

1 

I °5 501.469 

4 

2 

I “4 592.655 

4 

2 

I4-°5 083.343 

4 

1 

5 563.61 

3 

1 

H-''4 602.945 

3 

2 

I “5 098.704 

7 

1 

I-f 5 669.626 

5 

2 

I 4 607.66 

4 

1 

I 5 107.65 

4 

1 

I 5572,85 

5 

3 

4 611.29 

4 

2 

4-°5 110.414 

4 

1 

I 5 576. 10 

4 

1 

“4 619.296 

4 

1 

123.723 

4 

1 

I-f- 6 586.763 

6 

4 

“4 630.26 

3 

4 

I ®5 127.364 

3 

1 

5 598.30 

3 

1 

I “4 632.915 

3 

1 

5 133.68 

5 

2 

I-f 5 615.652 

6 

4 

®4 638.017 

4 

1 

I 5 139.27 

6 

2 

I 5624.55 

5 

1 

I “4 647.437 

4 

2 

I 5 139.48 

8 

3 

1-1-5 658.825 

4 

1 

I °4 654.502 

4 


I4-'’5 160.843 

4 

1 

5 701 . 55 

3 


°4 667.458 

4 

2 

I °5 151.914 

3 

1 

I 5 709.39 

3 

1 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 


IRON {Continmd) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

5 717.85 

3 


I+°6 430.852 

5 

1 

4- 7 187.341 

10 

5 731.77 

3 


“e 462.733 

4 


14 7 207.422 

10 

+5 763.013 

4 

1 

“6 475.633 

3 


4- 7 219.690 

2 

5 862.35 

4 


“6 494.987 

5 

3 

4- 7 223.670 

1-2 

5 883.84 

4 


“6 518.376 

3 


14 7 239.896 

4 

5 914.16 

6 

1 

®6 546.247 

5 

1 

4- 7 284.843 

2 

5 930.17 

5 


6 569.23 

5 


14- 7 288.764 

4 

5 934.68 

4 

1 

“6 575.023 

3 


14 7 293.073 

6 

5 952.7^ 

4 

1 

+“6 592.920 

5 

1 

4- 7 307.938 

3 

+6 024.065 

4 

2 

«6 609.118 

4 


4- 7 311.103 

4 

+»6 065.489 

4 

2 

“6 663.447 

4 


4- 7 320.694 

3 

»6 127.913 

2 


+'’6 677.994 

5 


4- 7 386.394 

4 

+“6 136.620 

4 

3 

+ 6 703.573 

2 


14- 7 389.423 

7 

+“6 137.697 

4 

3 

750.157 

4 


4- 7 401.691 

2 

®6 157.730 

2 

1 

+ 6 752.724 

3 


14- 7 411.184 

8 

“6 165.364 

2 

1 

+ 6 806.85 

2 


4- 7 418.676 

3 

I “6 173.340 

3 

1 

+ 6 828.612 

4 


4- 7 443.031 

1 

+®6 191.563 

5 

3 

4- 6 841.355 

5 


14- 7 445.778 

9 

«6 200.319 

2 


+ 6 843.676 

4 


+ 7 491.678 

2 

I 6 213.44 

3 

1 

+ 6 855.179 

6 


14- 7 495.092 

8 

“6 219.287 

3 

1 

•f 6 885.772 

4 


4- 7 507.300 

2 

+“6 230.730 

5 

3 

+ 6 916.709 

4 


4- 7 511.047 

9 

6 246.34 

4 

1 

+ 6 933.628 

2 


4- 7 531.178 

4 

°6 252.563 

4 

2 

4- 6 945.211 

7 


4- 7 546.177 

2 

254.263 

3 

1 

•4 6 951.271 

3 


14- 7 568.93 

4 

I+^e 265.14 

4 

1 

4- 6 978.857 

7 


4- 7 583.801 

4 

I =6 297.799 

3 


4- 6 988.531 

2 


4- 7 586.050 

7 

I 6 301.52 

5 

1 

14- 6 999.912 

4 


4- 7 620.538 

3 

+“6 318.024 

4 

1 

14- 7 022.976 

3 


4- 7 653.783 

2 

“6 322.692 

3 


14- 7 038.255 

4 


4- 7 661.230 

3 

I+°6 335.338 

4 

1 

4- 7 068.418 

5 


4- 7 664.306 

4 

6 336.84 

4 

1 

1+ 7 090.41 

6 


4- 7 710.397 

3 

°6 344.157 

2 


4* 7 107.464 

2 


4- 7 748.282 

4 

°6 380.749 

3 


4- 7 112.178 

2 


4- 7 780.594 

5 

+“6 393.606 

5 

2 

14- 7 130.946 

10 


4- 7 832.233 

6 

6 400.02 

5 

3 

4- 7 132.996 

3 


14- 7 937.172 

9 

6 408.04 

4 


14- 7 164.472 

9 


4- 7 945.882 

7 

6 411,67 
°6 421,357 

5 

4 

1 

1 

4- 7 181.222 

3 


14- 7 998.980 

6 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Continued') 

Principal Lines by Elements 


IRON {Continued) 



Control lines: 

Interfering lines: 




*As 

2370.8 

*Pt Te TI 




Co 

2378.6 





tNi 

2416.1 

tAg Mo Pb 




tSn 

2421 . 7 

JBi Cu Hg Mo 




§Sb 

2528 . 5 

§Pb Sb 




l|AuC3122.S 

)|Au Cd Cr Pt 




Cr 

2750.7 





1[Cr 

2750.7 

IfAg Ge V W 




*H=Bi 

2989 . 0 

**Cr Hg Mo V 

W 



Cr 

2605.3 





ttMo 

3624 . 5 

ttAu 13a Mo IM 




ttCa 

3179.3 

ttCa Co Cu Mo 




Ti 

3752.9 





§§Co 

4092.4 

§§Co Cr Hg K 

Ni Pt 



K 

4044.2 





Mn 4056.6 





II II Co 

4086.3 

Ilil.As Au Co Cu Ni Pb 



Cu 

4651 . 2 





iriTCr 

4254.3 

111! Be Bi Co Cr Pt Ti 



Ti 

4337.9 





=f=**Ca 

4318.6 

Bi Ca Cd Co Ni Pt 



Ti 

4533.2 

Sr Ti 




tttMo 4288. 7 

tttBa Be Co Cr Na Ni Pt 



V 

4323 . S 






4371 . 3 

JltAl Bi Cr Mn Mo Pt Se 



Mo 

4385.9 





Pb 

4245.2 






4374.5 

. Ba Co Cr Mo Te Ti 



V 

4111.8 

V W 



lontrol lines: 



Control lines: 

Co 

2378.6 



SisCu 

3036. 1 

SiCu 

2356.0 




3073.8 


2406.7 



S2oCu 

3454.7 

Sa Cu 

2406.7 



SaiCu 

3478.2 


2473.5 



S22Sr 

4607.3 

Ss Cu 

2406.7 



S23Sr 

4607. 3 


2516.1 



Ss4Sr 

4607. 3 

Se Si 

2516.1 



SasSr 

4607. 3 


2516.1 



SaoMn 

4254.3 


2516.1 



SarMn 

4254.3 

Ss Si 

2516.1 



SasMn 

4277.8 

Ss Si 

2516.1 



S29Mn 

4254.3 

SioSi 

2528 . 5 



Sr 

4607.3 

SuSi 

2524 . 1 



SsoMn 

4254 . 3 

SiaCu 

2600.4 




4289.7 

SisCu 

2703 . 3 



SsiMn 

4289 . 7 

SuSi 

2881 . 6 



S32Sr 

4607.3 

SuMn 2933 . 1 



SasSr 

4607.3 


2939 . 3 



NiSn 

2380.7 

SisSi 

2881 . 6 



NsSn 

2523.9 

SiaMn 

2949 . 2 




2456.8 





NaSn 

2779.3 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 
Principal Lines by Elements 
LANTHANUM 
La 


\Va-\.’elength 

.Arc 

Spark 

W avelength 

Are 

Spark 

W avelength 

Arc 

! Spark 

2 379. 4L 


10 

4 287.0 

8 

10 

5 501.4 

: 6R 

1 

3 171.7 


10 

4 296.1 

9 

8 

5 541.3 

4R 


3 245.1 

6 

4 

4 322.0 

6 

5 

5 5SS.3 

; 4R 


3 249.4 

5 

3 

4 333. 8L 

10 

10 

5 648. 3 

; 5 


3 265.7 

6 

4 

4 335.0 

6 

8 

5 740.7 

: 6R 

1 

3 303.1 

6 

5 

4 354.4 

8 

10 

5 744.4 

; 5R 


3 337.5 

8 

10 

4 378.1 

7 

4 

5 761.8 

: 5R 

1 

3 344.6 

S 

7 

4 383. 5F 

6 

8 

5 769.1 

: 7R 

3 

3 380.9 

8 

10 

4 385.2 

5 

4 

5 769.4 

7R 

1 

3 517.1 


10 

4 423. 9F 

4 

2 

5 770.0 

5R 


3 645.4 

6 

8 

4 427.6 

7 

8 

1 5 789. 2 

6R 

1 

3 650.2 

5 

4 

4 429. 9L 

10 

10 

1 5 791.3 

7R 

1 

3 713.6 

5 

6 

4 452.2 

6 

1 

5 797.6 

7R 


3 715.5 

5 

4 

4 522.4 

9 

10 

5 805.8 

5R 

5 

3 759.1 

8 

10 

4 525.3 

6 

8 

5 808.3 

5R 

1 

3 790.8 

8 

10 

4 526.1 

8 

8 

5 822.0 

6R 

1 

3 794.8 

8 

10 

4 549.5 

6 

1 

5 823.8 

4R 


3 840.7 

5 

5 

4 558.5 

7 

5 

5 829.7 

4R 


3 849.0 

6 

10 

4 567.9 

6 

1 

5 845.0 

4R 


3 871.6 

8 

10 

4 570.0 

6 

1 

5 848. 4 

4R 


3 886.3 

7 

10 

4 574.9 

8 

5 

5 855,6 

4R 


3 916.0 

7 

10 

4 580.1 

6 

3 

5 863. 7 

5R 

2 

3 921.5 

7 

10 

4 613.4 

6 

5 

5 SS0.6 

5R 

2 

3 929.2 

S 

10 

4 619.8 

5 

6 

5 894.8 

4R 


3 949. IP 

10 

10 

4 655.5 

7 

10 

5 930. 6P 

6R 

3 

3 988.5 

10 

10 

4 662.5 

6 

4 

6 038.6 1 

4R 


3 995.8 

10 

'5 

4 663.8 

5 

S 

6 068.7 

4R 


4 025.9 

6 

4 

4 668.9 

5 

S 

6 108.5 1 

5R 


4 031.7 

7 

10 

4 671.8 

4 

5 

6 111.7 

4R 


4 042.9 

8 

10 

4 692.5 

5 

5 

6 126.1 

4R 

3 

4 060.1 

6 

10 

4 728.4 

7 

3 

6 129.6 

5R 

3 

4 067.4 

6 

8 

4 740.3 

8 

5 

6 134.4 

5R 


4 077. 4p 

10 

10 

4 743.1 

8 

10 

6 165.7 

5R 


4 086.7 

10 

10 

4 748.7 

6 

5 

6 249. 9p 

7R 

5 

4 099.6 

7 

10 

4 809.0 

6 

3 

6 262.3 

oR 

6 

4 123. 2pL 

10 

10 

4 824.1 

6 

4 

6 266.1 

4R 

1 

4 141.8 

10 

10 

4 860.9 

6 

3 

6 293.6 

4R 

2 

4 152.0 

8 

10 

4 899.9 

7 

4 

6 296.1 

oR 

o 

4 152.8 

4 

5 

4 921.0 

7 

5 

6 320.4 

5R 

5 

4 192.3 

7 

s 

4 921.8 

7 

5 

6 325.9 1 

oR 

1 

4 196.6 

10 

10 

4 986.8 

6 

2 

6 390.5 

oR 

7 

4 204.0 

5 

4 

4 999.5 

6 

3 

6 394.2 

6R 

6 

4 217.6 

6 

10 

5 106.2 

6 

1 

6 399.0 1 

5 

5 

4 231.0 

4 

6 

5 114.5 

6 

3 

6 411.0 i 

10 

3 

4 238.4 

10 

10 

5 123.0 

5 

3 

6 454.5 

; 6 

1 

4 250.0 

5 

6 

5 183.4 

8 

5 

6 456.0 

5R 

3 

4 263.6 

6 

8 

6 302.0 

5 

1 

6 527.0 

: s 

4 

4 269.5 

6 

10 

5 455. Ip 

6 

1 

6 543.2 

; s 

1 

4 275.6 

4 

4 

5 464.4 

5 

1 

6 578.0 

! ^ i 

3 


For explanation of control and interfering line symbols see page 36o. 
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TABLES AND CHARTS 


TABLE IV (Continued) 
Principal Lines by Elements 
LANTHANUM (Continued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

6 616. C 

4 


6 753.1 

4 


■ 

7 282.3 


6 650. S 

4 


6 774.3 

6 


7 334.2 

5 

6 661.4 

4 

1 

7 066.2 

0 

3 1 

7 345.3 

4 

6 671.4 

4 

2 

7 068.3 

4 


7 483.5 

4 

6 709.5 

4 


7 161.2 

4 





Por explanation of control and interfering line symbols see page 3G5. 
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TABLE IV {Continued) 

Principal Lines by Elements 

LEAD 

Pb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 


Wavelength 

Arc 

Spark 

2 059.0 

7R 

10 

2 577. 3N2 

6R 

3R 

3 683. SpiiLBiN^iiSii 

3R 

lOR 

2 060.7 

711 

7 

2 614.2S5GiN3 

6R 

5R 

3 740.0 

5R 

4R 

2 088.2 

5R 


2 628. 3S6 

2R 

2 

3 854.0 


10 

2 115.0 

5R 


2 657. 2S4 



4 019.6 

3 

10 

2 170. OP 

611 

2R 

2 663.2G2N* 

lOR 

lOR 

4 057.8p1[FLSi2 

5R 

lOR 

2 175.6 

4R 


2 802.0tG3N5 

6R 

lOR 

GaNs 



2 203.6PNi 

3 

4R 

2 823. 2G4 

4R 

lOR 

4 062.2 

3 

10 

2 246.9 

6R 

4R 

2 SSS.lptSsNaC# 

6R 

lOR 

4 168.03 

3 

10 

2 332.5 

4R 

2 

2 S73.3S7Gt 

6R 

lOR 

4 242.5 


10 

2 388. 8Si 

3R 

2 

3 043.9 

1 

10 

4 245.2 


10 

2 393.8 

5R 

3R 

3 137.8 


10 

4 386.0 ? 


10 

2 401.9 

4R 

3 

3 176.5 


10 

5 608.8 

4 

10 

2 411. SSs 

4R 

2 

3 220.5Sio 

4 

2 

5 895.7 

5 


2 443.9 

4R 

4 

3 572.7 

6R 

10 

6 002.0 j 

5 


2 446. 2Ss 

4R 

4 

3 639.6p§N7 

6R 

lOR 

7 229.0 

• 6 


2 476. 4S4 

4R 

2R 








Control lines: 
*Fe 2628.3 
Sb 2870.7 
W 2613.1 
tMg 2795.5 
Mn 2798. 3 
V 2810.2 
Zn 3075.9 
JCr 3605.3 
Fe 2844.0 
Pt 2929 . 8 
W 2848.0 
W 2947.0 
§Ca 3706.0 
Control lines: 
SiSn 2706 . 5 
SsSn 2421.7 
SsCu 2406.7 
S4CU 2406.9 
SsCu 2618.4 
SeSn 2571 . 6 
StBi 2730 . 5 

2780 . 5 
Sii 2571.6 

2706 . 5 
SsCu 2S5S.3 

2882 . 8 
SsCu 2858.3 

2882.8 
SioBi 3024.6 

3067.7 
SiiCu 3687.5 


Interfering lines: 
*Ag Co Fe V Sb 


tAu Hg Mg Mn 


tAn Fe Hg W 


§Ba Co Cr Fe Hg Pt 


Control lines: 
Mo 3614.3 
Mo 3158.2 
Sc 3630.8 
Ti 3653.5 
||Fe 3709.3 
Fe 3705.6 
Mo 3695.0 
Ti 3234.5 

V 3695.9 

V 3695.3 
IMa 4048. S 

Mn 4041.4 


Control lines: 
SuCu 4062.8 
GiSn 2594 
2637 
GsSn 2661 
GaSn 2851 
2765 
G4Sn 2765 
GsSn 2851 
GrSn 2765 
GsSn 3801 
3656 

NiSn 2209.3 
2211.0 
N-Sn 2558.0 
NsSn 2594.4 
2637.0 


Interfering lines: 


liAg Co Fe Hg Pt 


•if.Ag Co Cr Cu Fe 1 


Control lines; 
NiZn 2670.4 
NsSn 27S7.9 

2790.2 

2761.8 
NeSn 2761. S 
NiSn 3223.6 

3218. 7 

3655.0 
NbSii 3655.9 
NsZn 4680.2 

4629.9 
Sn 4524.7 

3223.6 

2655.9 

3218.7 
BuVi 3619.4 


For explunation of control and interfering line symbols sec page 365. 
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TABLES AND CHARTS 


TABLE IV {Continued) 

Pbincipal Lines by Elements 

LITHIUM 

Li 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 425,6 

3R 


I 3 794.0 

5 


I 4 603. 0-r 

9R 

10 

I 2 475.0 

4R 


I 3 915.0 

2R 

1 

I 4 636.0 

3 


I 2 562.5 

5R 


I 3 985.7 

3 


I 4 971.9 

7 

4 

I 2 741.3 

6R 

2R 

I 4 132.3 

5 

1 

I 6 103.6 

lOR 

10 

I 3 232. 7p‘^ 

SR 

3R 

I 4 273.3 

5 

2 

I 6 240.6 

1 


I 3 719,0 

3 


I 4 602.0 

9R 

10 

I 6 707. 9P 

lOR 

lOR 


Control linos: 
3057. G 
Sb 3267.5 
Ti 3361.2 
Ti 3222,8 


Intfirferiug lines: 

*Ag Au Co Fe Mn Ti TI W 


Control lines; 
TI 3529.4 
tCr 4616.1 
Fe 4482.3 
Sr 4215.5 


Interfering lines: 

tAl As Ba Be Co Mn Mo Ni 
P Pb 


LUTECIUM 

Lu 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

2 603.3 


10 

3 081.5 

9 

3 

3 876.7 

10 

10 

2 615.4 

10 

10 

3 191.8 

2 

10 

4 124.7 

10 

5 

2 657. S 

4 

10 

3 198.1 

10 

10 

4 184,2 

10 

10 

2 754.2 

4 

10 

3 254.3 

10 

10 

4 518. 5p 

10 

5 

2 772.6 


10 

3 279.0 

10 

4 

4 658.0 

10 

3 

2 796.6 

4 

10 

3 281.8 

10 

5 

4 994.1 

10 

3 

2 847.5 

5 

10 

3 312.1 

10 

5 

5 135.1 

10 

1 

2 894. 9p 

10 

10 

3 359.6 

10 

5 

5 402.6 

10 

1 

2 900.3 

10 

10 

3 376.5 

10 

5 

5 476.7 

10 

10 

2 911. 4p 

10 

10 

3 397. Op 

10 

10 

5 736.5 

10 

1 

2 951.7 

3 

8 

3 472. 5p 

10 

10 

5 983.7 

10 

1 

2 963.3 

7 

10 

3 507.4 

10 

10 

5 984.1 

10 

1 

2 969.8 

6 

10 

3 508.4 

10 

3 

6 004.5 

10 

1 

3 020.6 

4 

10 

3 554. 4p 

10 

10 

6 221,9 

10 

4 

3 056.7 

10 

10 

3 .567.8 

10 

5 

6 463.2 

10 

3 

3 058.0 


10 

3 624.0 

10 

10 

G 523.2 

10 


3 077.6 

10 

10 

3 636.26 

10 

3 





For explanation of control and interfering line symbols sec page 365. 
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TABLE IV {Continued) 
Peincipal Lines by Elements 
MAGNESIUM 
Mg 


Wavelength 

Arc 

Spark 

"Wavelength 

Arc 

Spark 

! Wavelength 

Arc ; Spark 

I 2 026.0 

6 

6 

2 915.5 

3 

S 

11 3 850.4 

0 

II 2 660.8 


5 

II 2 928.7 

3 

10 

I 4 167.6 

4 1 

II 2 660.8 


5 

II 2 936.6 

4 

lOR 

I 4 351.9 

S 2 

I 2 669.7 

6 


I 2 936.8 

4 


11 4 384.6 

■ S 

I 2 672.6 

8 


I 2 938.5 

5 


11 4 390.6 

i 10 

I 2 695.3 

4 


I 2 942. IBi 

6 

2 

n 4 428.0 


I 2 698.2 

5 


I 3 091.1 

SR 

1 

II 4 434.0 

s 

I 2 733.6 

4 

1 

I 3 093.1 

SR 

2 

II 4 481.1 

10 

I 2 736.6 

4 

1 

I 3 096.9 

lOR 

2 

I 4 571.1 

5 2 

I 2 776.7 

6R 

6R 

II 3 104.7 


10 

I 4 703.1 

i 10 , 5 

I 2 778.3 

6R 

6R 

II 3 104.8 


10 

ir 4 739.6 


I 2 779.9 

8R 

8R 

I 3 329- 9B4 

8 

3 

II 4 851.1 

! ' 5 

I 2 781.4 

6R 

6R 

I 3 332.2 

10 

5 

I 5 167.3 

SR ! 10 

2 783.0 

6R 

OR 

I 3 336.7 

10 

8 

I 5 172.7 

lOR I 10 

II 2 790.8 

4 

lOR 

II 3 535.0 


5 

I 5 183.6 

lOR 1 10 

II 2 795.5P*LBi 

lOR 

lOR 

II 3 538.8 


6 

I 5 528.5 ' 

10 1 5 

II 2 798.0 


10 

I 3 829. 4p 

SR 

lOR 

I 5 711.1 

5 ; 1 

II 2 802.7ptLB2 

lOR 

lOR 

I 3 832. 2p 

lOR 

lOR 

II 6 347. 1 1 

4 i 

I 2 846.8 

4 

1 

I 3 838.3 

lOR 

lOR 

II 7 877.1 i 

■ 4 

I 2 848.4 

5 

1 

II 3 848.2 


7 

11 7 896.3 1 

5 

I 2 862.lPtL 

lOR 

lOR 


1 





Control lines: 
♦Mn 2794.8 
W 2848.0 
tMn 2798.3 


Pb 2833.1 
V 2810.2 
Zn 3075.9 
tCr 2849.8 
Cr 2843.3 
Pe 2844.0 


Interfering lines; 

*Fe Mn Sb 

fAu Bi Cr Cu Hg 
Pb Ti V W Zn 

JAu Cr Fe Na Sb 


Control lines: Interfering lines: 

Sn 2546. 5 
W 2866. 1 
BiCu 2961.2 
3036. 1 
Sn 3202.3 
BsCu 2824.4 
Zn 3075.9 
BsCu 3247.5 
BiZn 3345.0 


Mo 2816.2 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Continued) 

Principal Lines by Elements 

MANGANESE 

Mn 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

ri 2 452.5 

2R 

10 

I 3 488.7 

4 

10 

I 4 414.9 

8 

6 

2 575.5 

5 

1 

I 3 495.8 

5 

6 

I 4 436.4 

7 

5 

II 2 sre.ip'i'L 

5R 

lOR 

I 3 631.8 

4R 

2 

I 4 451 . 6 

9 

3 

2 593.0 

5 

1 

I 3 532.0 

5R 

3 

I 4 453.0 

5 

3 

II 2 593.7ptL 

4R 

lOR 

I 3 532.1 

5R 

3 

I 4 455.0 

6 

3 

II 2 606.7ptL 

5R 

lOR 

I 3 547.8 

5R 

4 

I 4 455.3 

6 

3 

2 618.2 

4 

8 

I 3 548.0 

4R 

3 

I 4 455.8 

5 

3 

2 625.6 


8 

I 3 548.2 

4R 

3 

I 4 457.0 

5 

2 

2 632.4 

1 

8 

I 3 569.5 

6R 

5 

I 4 457.6 

6 

4 

2 638.2 

1 

5 

I 3 569.8 

8R 

4 

I 4 468.3 

6 

5 

2 665.8 


5 

I 3 670.1 

4R 

3 

I 4 461,1 

6 

4 

2 672.6 

1 

5 

I 3 577.9 

8R 

5 

I 4 462,0 

9 

8 

2 695.4 

1 

5 

I 3 686.6 

5 

5 

I 4 464.7 

7 

5 

2 701.7 

3 

5 

I 3 607.5 

8 

3 

I 4 470.1 

7 

4 

2 705.7 

2 

S 

I 3 608.5 

6 

3 

I 4 472,8 

7 

3 

2 711.6 


5 

I 3 610.3 

6 

3 

I 4 490. 1 

5 

3 

I 2 794. S§ 

6R 

5R 

I 3 806.9 

6 

8 

I 4 498.9 

7 

4 

I 2 798.311 

OR 

5R 

1 3 809.6 

6 

6 

I 4 502.2 

7 

4 

I 2 801.111 

6R 

5R 

I 3 823.5 

4R 

6 

4 626.5 

5 

2 

2 879.5 

1 

5 

I 3 823.9 

4 

4 

I 4 709.7 

7 

2 

2 886.7 

2 

6 

I 3 833.9 

6 

4 

I 4 727.5 

7 

2 

2 889.5 

3 

10 

I 3 834.4 

CR 

8 

I 4 739,0 

5 

2 

I 2 914,6 

8 

1 

I 3 839.8 

4 

5 

I 4 754.1 

10 

8 

I 2 925.6 

6 

1 

I 3 841.1 

4 

6 

I 4 761.5 

5 

2 

II 2 933. IGi 

6 

10 

I 3 844.0 

6 

4 

I 4 762.4 

9 

4 

II 2 939. 3Ga 

6 

10 

3 985.2 

4 

3 

I 4 765.9 

5 

2 

I 2 940.4 

6 

1 

I 4 018.1 

8 

8 

I 4 766.4 

0 

3 

II 2 949.2S1G3 


10 

I 4fi30.8P**Bx 

6R 

lOR 

I 4 783.4 

10 

4 

I 3 044.6 

4 

2 

I 4 033.1pttBs 

8R 

lOR 

I 4 823.5 

10 

4 

I 3 054.4 

4 

2 

I 4 OSd.SpJtBs 

8R 

lOR 

4 965.9 

5 

1 

I 3 062.1 

4 

1 

I 4 035.7 

5R 

8 

5 196.6 

5 

1 

I 3 079.6 

5 

1 

I 4 041.4 

8R 

10 

5 255.3 

3 

2 

3 110.7 

5 

1 

4 045.2 

4 

5 

I 5 341.1 

10 

8 

I 3 148.2 

4 

1 

I 4 048,8 

4 

8 

5 377.0 

S 

3 

I 3 178. 5 

8 

1 

I 4 055.6 

8 

8 

5 394.7 

7 

2 

I 3 212.9 

6 

2 

I 4 079. 3R 

0 

5 

5 399.5 

8 

3 

3 228.1 

5 

3 

I 4 079.4 

0 

5 

I 5 407.4 

7 

2 

I 3 236.8 

6 

3 

I 4 083.0 

6 

0 

5 413.7 

7 

2 

I 3 243.8 

4 

2 

I 4 083.6 

6 

0 

I 5 420.4 

7 

3 

I 3 248.5 

4 

3 

4 131.1 

4 

4 

5 432.0 

6 

1 

I 3 256.1 

4 

2 

4 176.6 

4 

4 

I 5 470.0 

8 

2 

I 3 258,4 

4 

2 

4 190.0 

4 

4 

I 5 481.4 

0 

1 

3 317.3 

6 

1 

I 4 235. IS2 

8 


5 605.9 

6 

1 

3 320.7 

4 

1 

I 4 235. 3S3 

8 

10 

I 5 516.8 

8 

2 

3 330.7 

4 

3 

I 4 239.7 

5 

5 

I 5 537.8 

7 

2 

I 3 442, OL 

5 

10 

I 4 257.7 

5 

4 

5 552.0 

5 

1 

I 3 460.3 

3 

10 

I 4 265.9 

5 

5 

5 567.8 

4 

1 

I 3 474.1 

4 

10 

I 4 281.1 

5 

0 

5 738.3 

4 


I 3 482.9 

4 

10 

4 374.9 

4 

2 

5 780.2 

1 ^ 



For explanation of control and interfering lino symbols see page 305 
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TABLE IV {Continued) 

Principal Lines by Elements 


MANGANESE {ConLimied) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

! Arc ! Spark 

I 6 013.5 

10 

1 

6 990.0 

4 


r 302.9 

6 : . . . . 

I 6 016.6 

10 

1 

7 069.9 

4 


7 326.6 

1 7 : 

I 6 021.8 

10 

1 

7 151.3 

8 


7 680.2 

j 5 I 

6 441.0 

5 


7 184.3 

5 


7 710.2 

i 5 i . . . . 

6 491.7 

7 


7 247.8 

5 


7 712.4 

1 5 1 

6 605.6 

4 


7 283.8 

6 


7 764. S 

^ 5 ; 

6 942.6 

5 






j i 


Control lines: Interfering lines: Control lines: Interfering lines: 



3082.2 

*A1 Hg Pb W 

liMg 

2795.5 

^ Au Cr Hg IMg Pb Sc Zn 

tGe 

2709.6 

fBi Fe Mo .Na Sn 

Pb 

2833.1 


tFe 

2611.9 

tAg Co Cr Pe T1 

**Ga 

4172.1 

**Cr Fe Ga Mo Pt Sc 

§w 

2848.0 

§Au Fe Mg Mo Pt V 

ttGa 

4172.1 

ttCo Cr Fe Ga Mo Sb 

II Mg 

2779.9 

II Bi Hg Mg Mo Pb 

tZGa 

4172. 1 

JJCo Fe Ga Mo Xi Pt 

Mg 

2802.7 





ontrol 

lines: 

Control 

lines: 


Control lines: 

SiCu 

2868.0 

SsCu 

4249.0 


GsFe 2944.4 


2997.4 

SsCu 

4249.0 


BiFe 4009 


2882.9 

GiFe 

2923.8 


BsFe 4014 


2961.2 

GjFe 

2923. S 


BaFe 4021 


MERCURY 

Hg 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

II 2 224.7 

4 

4 

I 3 125.6 

8 

SR 

I 4 358. 3J: 

10 

lOR 

I 2 378.3 

3 


I 3 131.6 

7 

5R 

I 4 916.0 

5 

1 

I 2 399.3 

3 


I 3 131.8 

7 

4R 

4 960.3 

5 


I 2 482.7 

3 


I 3 341.5 

6 

5 

I 5 460.7 

lOR 

lOR 

I 2 534.8 

4 

2 

I 3 650. 2t 

10 

9R 

I 5 675.8 

5 


I 2 oSe.SP^i'L 

lOR 

lOR 

I 3 654, 8p 

7 

5 

I 5 769.6 

10 

5 

I 2 052.0 

5 

2 

I 3 662.9 

4 

4 

I 5 790.7 

10 

5 

2 698.9 

3 


I 3 663.3 

6 

5 

I 6 072,6 I 

1 5 


I 2 752.8 

4 

4 

I 3 906.4 

6 


6 123.5 

6 


I 2 803.5 

4 


3 984.0 

6 

8 

I 6 234.4 

S 


II 2 847.7 


8 

I 4 046.6 

10 

lOR 

I 6 907.5 

10 


I 2 893.6 

5 

5 

I 4 077.8 

7 

5R 

I 7 082. 0 

4 


I 2 967. 3Bi 

5 

8R 

I 4 339.2 

6 

1 

7 729.2 

6 


I 3 021. 5B2 

5 

4 

I 4 347.5 

6 

1 


1 



Control lines: 

Interfering lines: 

Control lines: 

Interfering lines: 

*Fe 

2539.0 

*Co Fe P Pb Pt W 

Sc 

2813.7 


Fe 

2538. S 


Ti 

3234.5 


W 

2533.0 


Ti 

3239.0 


Co 

2432.2 


JFe 

4401.3 

{A1 Ba Co Cr ‘ 

Fe 

2541.0 


Cr 

4371.3 

Ti V 

Mo 

2646.5 


BiSn 3009.1 


Ti 

2534.0 


BsSn 2863. 3 


iFe 

3631,5 

tCd Cr Fe Mo Sc 





For explanation of control and interfering line symbols see page 3G5. 
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TABLES AND CHARTS 


TABLE IV {Continued) 

Principal Lines by Elements 

MOLYBDENUM 


Mo 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 538.5 

2 

10 

I 3 798. 3P§ 

lOR 

lOR 

4 979. 1 

5 


II 2 638.8 

3 

10 

3 833.8 

7 

3 

I 5 172.9 

9 


II 2 644.3 

2 

10 

I 3 864.1p|| 

lOR 

10 

I 5 174.2 

9 


11 2 660.6 

2 

10 

I 3 903. Op'll 

lOR 

10 

I 5 238.2 

7 


2 672.8 

2 

10 

II 3 941.5 

1 

10 

I 5 240.9 

6 


II 2 684.1 

3 

10 

3 961.5 

3 

10 

I 5 360.6 

10 

8 

II 2 701.4 

2 

10 

4 069.9 

9 

8 

5 473.4 

6 


2 776.4 

3 

10 

4 084.4 

8 

3 

I 5 506.5 

10 

10 

2 780.0 

3 

10 

I 4 102.2 

7 

3 

I 5 533.0 

10 

10 

II 2 816. 2PL 

5 

10 

4 143.6 

9 

5 

I 5 670.6 

10 

10 

II 2 848.2pBi 

5 

10 

4 185.8 

8 

4 

I 5 632.5 

9 

8 

2 853.2 

1 

10 

4 188.3 

10 

6 

I 5 650. 1 

8 

6 

II 2 871. 5p 

4 

10 

4 232.6 

10 

5 

I 6 689.2 

9 

10 

2 903.1 

2 

10 

4 250.7 

1 

10 

I 5 722.8 

8 

7 

II 2 911.9 

5 

10 

4 251.9 

lOR 

2 

I 5 751.4 

10 

10 

II 2 923.4 

4 

10 

4 276.9 

10 

5 

I 6 791,8 

10 

10 

3 087.6 

2 

10 

I 4 277.3 

10 

6 

I 5 858.3 

8 

10 

3 116.1 

1 

8 

II 4 279.0 

2 

10 

I 5 888,3 

10 

10 

3 122,0 

2 

10 

I 4 292.2 

9 

4 

I 5 928.8 

9 

10 

I 3 132. e* 

lOR 

2 

I 4 293.2 

10 

4 

I 6 030,7 

9 

10 

3 158.2 

9R 

2 

I 4 293.9 

9 

3 

6 357.2 

5 

3 

I 3 170. 4t 

lOR 

2 

4 326.1 

9 

4 

6 424.4 

8 

8 

I 3 194.0? 

lOR 

2 

II 4 363.7 

1 

10 

6 519. S 

4 

3 

3 208.9 

10 

2 

II 4 377.8 

1 

10 

I 6 619,2 

9 

8 

3 292.3 

1 

10 

4 381.7 

10 

S 

6 650.4 

7 

1 

3 325.7 

10 

1 

4 411.7 

10 

8 

I 6 734.0 

7 

1 

I 3 327.3 

10 

1 

II 4 433.5 

1 

8 

6 746.3 

5 

1 

3 344.8 

8 

2 

4 435.0 

10 

4 

6 839.0 

4 


3 347.0 

6 

1 

4 468.3 

10 

2 

6 886.4 

4 


I 3 358.1 

9 

2 

4 491.3 

6 

2 

6 914.1 

5 


I 3 384.6 

8 

2 

I 4 524.3 

7 

2 

6 989.0 

4 


3 402.8 

1 

8 

I 4 576.5 

8 

2 

I 7 060.2 

4 


3 447.1 

10 

3 

I 4 595,2 

7 

2 

I 7 109.9 

8 


3 504.4 

6 

2 

4 621.4 

7 

2 

I 7 134.1 

4 

— 

3 524.6 

2 

7 

I 4 626.5 

10 

4 

I 7 242.5 

7 


3 614.3 

8 

3 

4 707.3 

10 

5 

7 245.9 

4 


3 635.2 

2 

10 

4 731.5 

10 


I 7 391.4 

5 


3 651.1 

1 

8 

4 760.2 

9 

9 

I 7 485.7 

7 


II 3 688.3 

1 

10 

4 819.3 

10 

4 

I 7 056.7 

5 


11 3 692.7 

2 

9 

4 830.5 

1 10 


7 720.7 

4 


II 3 702.6 

2 

8 

4 868.0 

1 ^ 

! ^ 





Control lines: 

Interfering lines; 

Control lines; 

Interfering lines; 

*Be 

2348.6 

*Au Be Ccl Cr Fe Sc Te V 

II Fe 

3869 . 6 

II Bi Cr Fe Mn Sr 

Cr 

2849 . S 


Fe 

3895.7 


Hg 

3650.2 


Fe 

3820.4 


Ni 

3012.0 


TFe 

3895,7 

•'Cr Fe Hg Mn 

■tTi 

3242.0 

tCn Fe Mn V W 

Fe 

3899.7 


tCr 

3180.7 

JAu Cu Fe Mn V 

Fe 

3856.4 


Fe 

3222.1 


Si 

2519.2 


V 

3267.7 


Ti 

3948.7 


§Ce 

4186.6 

§Cr Fe Mg Pd Sn 

BiCr 2849.8 



Fe 3795.0 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV iContmued) 

Peincipal Lines by Elements 

NEODYMIUM 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

1 Arc 

■ Spark 

3 092.9 

4 

2 

4 156.2 

10 

10 

5 620.6 

■ S 

5 

3 133.6 

4 

2 

4 177. 3p 

9 

10 

5 688.5 

6 

3 

3 217.1 

4 

1 

4 178.7 

6 

3 

5 708.3 

5 


3 275.2 

4 

2 

4 232.4 

8 

5 

5 729.3 

4 


3 300.1 

4 

2 

4 247.4 

10 

8 

5 804.0 

5 

2 

3 328.3 

5 

2 

4 282.5 

10 

S 

6 007.6 

4 


3 388.0 

5 

1 

4 303, 6p 

10 

10 

6 066.1 

4 


3 410.2 

4 

1 

4 314.5 

7 

8 

6 071.7 

4 


3 543.3 

5 

2 

4 325.8 

10 

5 

6 074.0 

: 4 


3 592.6 

5 

2 

4 327.9 

7 

5 

6 178.6 

4 

1 

3 609.8 

5 

1 

4 351.2 

9 

8 

6 310.5 

7 

1 

3 653.1 

6 

2 

4 358.2 

9 

8 

6 341.5 

7 

2 

3 735.6 

7 

5 

4 375.0 

10 

6 

6 385.2 

8 

3 

3 780.4 

5 

3 

4 385.7 

10 

S 

6 485.7 

4 

1 

3 851.7 

8 

5 

4 400.8 

10 

5 

6 630.2 

4 


3 863.4 

10 

8 

4 411.0 

8 

5 

6 650.6 

4 

1 

3 875.9 

6 

2 

4 446.4 

10 

10 

6 655.7 

4 


3 890.0 

6 

3 

4 451.6 

10 

10 

6 740.1 

: 4 


3 890.6 

6 

4 

4 463.0 

10 

10 

6 790.4 

i 4 


3 891.0 

7 

4 

4 501.8 

7 

5 

6 804.0 

i 4 


3 892.1 

6 

4 

4 541.3 

5 

5 

6 846.7 

5 


3 894.7 

6 

3 

4 563.2 

6 

5 

7 037.3 

: 4 


3 900.3 

6 

6 

4 579.3 

5 

4 

7 066.9 

i 4 


3 905.9 

7 

4 

4 634.2 

5 

3 

7 129.4 

1 4 


3 941.5 

7 

8 

4 706.5 

7 

4 

7 189.4 

• 4 


3 951. 2p 

9 

8 

4 811.3 

5 

5 

7 418,2 

4 


3 963.1 

7 

6 

4 825.5 

8 

8 

7 448.7 

•1 


3 990.1 

9 

6 

4 859.0 

5 

5 

7 511.2 

1 4 


3 994.7 

8 

5 

4 920.7 

9 

3 

7 513,8 

4 


4 012.3 

9 

10 

5 192.6 

6 

3 

7 529.0 

4 


4 021.8 

7 

3 

5 249.5 

7 

4 

7 53S.3 

4 


4 062. IL 

10 

10 

5 293.2 

9 

5 

7 696.6 

4 


4 069.3 

5 

4 

5 319.8 

9 

4 

7 SOS . 5 

4 


4 075.2 

7 

2 

5 361.5 

5 

4 

7 862. S 

4 


4 109. IL 

8 

6 

5 431.5 

4 

3 

7 95S.9 

4 


4 109. 5L 

9 

8 

5 485.7 

7 

4 

7 965.7 

4 


4 135.3 

9 

7 

5 594.4 

8 

a 

7 982,3 

4 



For explanation of control and interfering line symbols see page 365. 
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TABLKS AND CHARTS 


TAiiLl^] IV {(Umtinurd) 

Pkincifal Lineh by Elements 

NICKEL 

Ni 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

I Wavelength 

Arc 

Spark 


2 019.0 


6 

I 

3 

413.5 

5R 

3 

I 

5 017.6 

7 

2 


2 021.0 


6 

I 

3 

414.8PJBi 

lOR 

10 

I 

5 035.4 

10 



2 029.1 


6 

I 

3 

423.7 

8R 

5 


5 080.5 

8 

3 

r 

2 320.1 

5R 

1 

I 

3 

433. 6L 

9R 

C 


5 081.1 

9 

3 

r 

2 325.8 

3R, 

2 

I 

3 

437.3 

6R 

5 


5 084.1 

6 

1 

I 

2 345.5 

2R 

8R 

I 

3 

446.3 

lOR 

10 

I 

5 100.0 

7 

1 


2 375.4 

1 

8 

I 

3 

452.9 

6R 

5 

I 

5 115.4 

9 

2 


2 394. 6L 

2 

10 

I 

3 

458.5 

lOR 

10 

I 

5 125.2 

7 



2 416. IL 

1 

10 

I 

3 

461. 7§ 

lOR 

10 

I 

5 129.4 

S 

1 


2 437.9 

1 

10 

I 

3 

472.6 

7R 

5 

I 

5 137.1 

8 

1 


2 510.9 

4 

10 

I 

3 

483.8 

6R 

4 

I 

5 142.8 

10 

2 


2 545.9 

1 

6 

I 

3 

493 .OPIIB 3 

lOR 

10 

I 

5 146.5 

10 

2 

I 

2 798.7 

4 

1 


3 

500.9 

6 

4 

I 

5 155.8 

9 

1 

I 

2 821.3 

4 

2 

I 

3 

510.3 

7R 

10 

I 

5 168.7 

8 

1 

I 

2 943.9 

6 

2 

I 

3 

515.1p1IB.i 

9R 

10 


5 176. G 

6 

1 

I 

2 981. 7 

7 

3 

I 

3 

524. 6p** 

lOR 

10 


5 411.2 

6 

1 

I 

2 992. 6Si 

6 

2 

I 

3 

566.4 

lOR 

10 

I 

5 435.9 

7 

1 

I 

2 994.5 

7R 

3 

I 

3 

571.9 

7R 

3 

I 

6 476.9 

10 

10 

I 

3 002.5* 

lOR 

5 

I 

3 

597.7 

8R 

0 

I 

6 592.2 

7 

2 

I 

3 003.6 

9R 

4 

I 

3 

610.5 

9 

4 

I 

5 593.7 

8 

1 

r 

3 012. OS* 

9R 

5 

I 

3 

619.4ttLB 

10 

10 

I 

5 614.8 

6 

1 

I 

3 037.9 

9R 

4 

I 

3 

674.1 

6 

3 


5 625.3 

7 

1 

I 

3 OoO.StSs 

lOR 

6 

I 

3 

722.5 

6 

1 


5 682.2 

7 

I 

I 

3 054.3 

8R 

4 

I 

3 

736.8 

6 

3 


5 695.0 

7 

1 

I 

3 057.7 

lOR 

4 

I 

3 

775.6 

8 

5 

I 

5 709.6 

8 

2 

r 

3 064.6 

6 

2 

I 

3 

783.5 

S 

5 

I 

5 715.09 

8 

1 

I 

3 080. 8 

6 

2 

I 

3 

807.1 

8 

8 

I 

5 754.67 

6 

1 

I 

3 097.1 

5 

2 

I 

3 

831.7 

6 

2 

I 

5 760.84 

0 

1 

I 

3 101.6 

9R 

4 

I I 

3 

858.3 

10 

8 

I 

5 805.20 

10 


I 

3 101.9 

9R 

3 

I 

4 

401.6 

10 

8 


5 831.60 

8 


I 

3 134. IS 4 

lOR 

4 

' I 

4 

459.0 

9 

8 

1 + 5 867.759 

10 

1 

r 

3 197. ISb 

5 

2 

1 I 

4 

462.5 

8 

3 

1 + 5 892. 88 

9 

1 

r 

3 221.7 

4R 

2 

I 

4 

470.5 

9 

3 

I 

6 086.3 

10 

1 

I 

3 225.0 

5R 

2 

I 

4 

592.5 

9 

4 

I 

6 108. 1 

7 

1 

I 

3 232.9 

8R 

3 

I 

4 

600.4 

8 

1 

I 

6 116.2 

9 

1 

I 

3 234.7 

5R 

2 

I 

4 

605.0 

9 

3 


6 163.4 

8 

1 

I 

3 243.1 

8R 

3 

I 

4 

648.7 

10 

3 

I 

6 175.4 

10 

1 

I 

3 315.7 

7R 

3 

I 

4 

686.2 

5 

3 


6 176,8 

10 

2 

I 

3 320.3 

5R 

3 

I 

4 

714.4 

10 

8 

I 

6 186.8 

7 


I 

3 361.6 

5R 

3 

I 

4 

715.8 

8 

3 

I 

6 191.2 

7 

1 

I 

3 365.8 

4R 

3 

I 

4 

756.5 

7 

3 

I 

6 224.0 

6 


r 

3 366.2 

3R 

3 

I 

4 

786.5 

10 

3 

I 

6 256.4 

7 

1 

r 

3 369.6 

lOR 

4 

I 

4 

829.0 

8 

3 

I 

6 314.7 

10 


I 

3 372.0 

5R 

3 

I 

4 

831.2 

5 

3 

I 

6 339.2 

10 


r 

3 374.2 

4R 

2 

I 

4 

855.4 

S 

3 

I 

6 378.2 

7 


I 

3 380.0 

lOR 

6 

I 

4 

866.3 

7 

2 

I 

6 384,7 

7 


I 

3 380.9 

4R 

2 


4 

904.4 

9 

3 


6 421.5 

7 


I 

3 391.1 

7R 

4 


4 

980.2 

9 

2 

I 

6 482.8 

7 

1 

I 

3 393.0 

lOR 

8 

I 

4 

984. 1 

9 

2 

I 

0 586.3 

6 



For explanation of oontro land interfering line symbols see page 365. 
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TABLE IV {Continued) 
Principal Lines by Elements 
NICKEL {Continued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Are 1 Spark 

I (i 598.5 

6 


I G 767. S 

10 


I 0 914.6 j 

T"i 

(i 035.1 

6 


1 6 772.4 

9 


I 7 024.8 j 

s ! 

I 0 643 . 7 

10 

1 

I 6 842. 1 

C 


I 7122.3 1 

1“ I-' 


Control lines: 
=i'Cr 3024 . 4 


Interfering lines: 

*Au Cu Fe Mn Mo V VV 


Control lines: 
Mn 3442.0 


Interfering lines: 


Fe 

2994.4 


lICo 

3409.2 

11 Co Cr Mo Ti V W 

tCr 

3030.3 

tAl Co Cr Fo Hg Mg 

Fe 

3475.5 

Fe 

2994.4 


^Co 

3409.2 

‘!Be Co Fe Mo Ft TI 

tCo 

3409.2 

tCo Cu 

**Co 

3506.3 

**Au Ba Co Cu Fe Hg Mo 

§Cd 

3G10.6 

§Cd Co Mn Ti V W 

Fe 

3558. 5 

TI V W 

Co 

3474.0 


ttPe 

3031.5 

ttCr Cu Fe Mn Ti V 

ontrol 

SiCu 

S--Cu 

lines: 

2997.4 

3010.8 

Control lines: 

3142.4 

3126. 1 


Control line.s: 

BiFe 3415 

BaFe 3495 

SjCu 

aCii 

3003.4 

3140.4 

SsCu 3208.2 


B:iFe 3516 


OSMIUM 

Os 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 838. 6L 

5 

3 

3 850.0 

10 


4 S65.6 

10 


2 909.1* 

7 

5 

3 857.1 

10 


5 149.7 

7 


3 058. 7t 

7 

4 

3 876.8 

7 

3 

5 416.3 

10 


3 156.3 

7 

3 

3 963.6 

10 

3 

5 523.6 

10 


3 267. 9p 

8 

3 

3 977.2 

10 

3 

5 584,4 

10 


3 391. Opt 

9 

2 

4 066:7 

10 

3 

5 721.9 

10 


3 370.6 

7 

2 

4 091.8 

9 

2 

5 780.8 

10 


3 528.6 

9 

3 

4 112.0 

10 

4 

5 S57.6 

10 


3 559.8 

9 

3 

4 135.8 

10 

5 

5 996.0 

10 


3 660.9 

9 

4 

4 172.6 

6 

1 

6 227.7 

10 


3 598.1 

9 

2 

4 173.2 

9 

2 

6 403.2 

s 


3 056.9 

7 

1 

4 175,6 

7 

2 

6 576. S 

6 


3 070.9 

7 

2 

4 260. 9§ 

10 

5 

6 729.5 

9 


3 719.5 

10 

2 

4 294.0 

8 

3 

6 806.6 

7 


3 720,1 

10 

2 

4 311.4 

10 

3 

6 956.0 

S 


3 752. 7p 

10 

7 

4 394.9 

S 

3 

7 0G0.6 

6 


3 782. 2p 

10 

4 

4 420.511 

10 

10 

7 145.5 

S 


3 790.1 

9 

3 

4 550.4 

6 

3 

7 148. 9 

6 


3 793.9 

10 

3 

4 616. S 

10 

2 

7 253.52 

5 


3 836.0 

10 

2 

4 631.8 

10 

2 

7 603.0 

6 


3 840,3 

10 

1 

4 794.0 

10 

3 





Control lines: 
*Fe 2957.4 
Mo 2891. 0 
V 2908.8 
tCo 3044.0 
Fe 3047.6 


Interfering lines: 

=i'Cd Cr Fe Mn Mo 


tAl Au Fe Mo W 


Control lines: 

V 3060. 4 
JPt 3042.6 
§Fe 4143.9 
liFe 4315.1 
Mo 4426.7 


Interfering lines: 

JMo Na Ft Sr V Zn 
§Au Bi Co Cr Cu Fe 
||A1 Au Be Ccl Co Cr Fe Mo 
Na Ni 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Co7Uimied) 

Principal Lines by Elements 

PALLADIUM 

Pd 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 


Spark 

II 2 368.0 

1 

10 

I 3 065.3 

4R 

4 

I 3 894.2 

6R 

10 

2 372.2 

2 

10 

I 3 114.1 

5R 

8 

I 3 958.7 

5R 

10 

2 418.7 

1 

10 

I 3 242.7* 

lOR 

10 

I 4 213.0 

6R 

10 

I 2 426.9 

1 

10 

I 3 251.6 

5R 

6 

I 4 473.6 

7 

4 

II 2 433.1 

2 

10 

I 3 258.8 

6R 

8 

I 4 788.2 

8 

2 

2 446.2 

1 

10 

I 3 302.1 

6R 

10 

I 4 817.5 

9 

2 

I 2 447.9 

lOR 

8 

I 3 373.0 

6R 

10 

I 5 163.8 

10 

1 

I 2 476.4 

lOR 

2 

I 3 404. 6Pt 

lOR 

10 

5 295.6 

10 

2 

2 486.5 

1 

10 

I 3 421. 2pt 

8R 

10 

I 5 395.3 

10 


2 488. 9p 

4 

10 

I 3 433.4 

5R 

10 

I 5 542.8 

10 

1 

2 498. Sp 

3 

10 

I 3 441.4 

6R 

10 

I 5 670.0 

10 

1 

II 2 505. 7p 

2 

10 

3 451.4 


10 

I 5 695.1 

9 

1 

2 551. S 

1 

10 

I 3 460.8 

7R 

10 

I 5 739.7 

4 


II 2 565.5 

1 

10 

I 3 481.2 

7R 

10 

I 6 130.6 

8 


II 2 628.2 

1 

10 

I 3 489.8 

4R 

10 

I 6 508. 4 

6 


2 635.9 

2 

10 

I 3 517. Op 

8R 

• 10 

I 6 774.6 

6 


2 658; 7p 

2 

10 

I 3 553.1 

7R 

10 

I 6 784,6 

10 

1 

I 2 763.1 

8E, 

6 

I 3 571.2 

SR 

10 

I 6 833.4 

8 


2 776.9 


10 

I 3 609. 6p§ 

9R 

10 

I 6 916.6 

9 


2 787.9 


10 

I 3 634.7p|| 

lOR 

10 

7 194.1 

6 


2 854. 6p 

2 

10 

I 3 690.4 

6R 

10 

I 7 368.1 

10 


I 2 922.5 

711 

3 

I 3 718.9 

4R 

10 

I 7 486.9 

7 


2 980.7 

1 

10 

I 3 799.2 

5R 1 

8 

I 7 764.0 

10 


I 3 027.9 

4lt 

6 

I 3 832. 3 

10 

10 

I 7 915.9 

7 



Control lines: 

Interfering lines: 

Control lines: 

Interfering lines: 

*Ti 

3239.0 

*Cn Mn Ni Sb 

§Cd 2288.0 

§Ba Cd Co Cu Cr 

fCd 

3466.2 

tBi Cd Co Cu Fe 

Cr 3593.5 


Co 

3453.5 


Fe 3618. 8 


tCo 

3409.2 

JBa Co Cr Mo 

II Fe 3570.1 

II -Au Co Cr Fe Mo 

Cr 

3408.8 


Mo 3614.3 




For explanation of control and interfering line symbols .see page 36, 
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TABLE IV {Continued) 
Principal Lines by Elements 
PHOSPHORUS 
P 


Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

Wavelength ■ Arc j Spark 

I 2 024.0 

7 


IV 2 739.3 


2 

III 4 060.4 i 6 

I 2 025.0 

6 


III 2 884.8 


5 

III 4 081.2 i .... i 7 

I 2 033.0 

6 


III 2 896.2 


5 

4 178.4 1 i 5 

I 2 034.1 

7 


V 3 176.1 


5 

III 4 223.3 i 7 

I 2 136.1 

6 


III 3 220.2 


6 

III 4 247.9 ; i 7 

I 2 136. Sp 

8 


III 3 234.5 


6 

4 385.3 ; : 2 

I 2 149. 8p 

8 


IV 3 347.7 


6 

4 479.7 = ' 2 

I 2 153.6 

6 


IV 3 364.4 


6 

4 587.9 i ' 5 

I 2 154.8 

7 


IV 3 371.1 


5 

4 602.0 ! 5 

I 2 534.0 

2 

4 

I 3 424.9 

1 

3 

4 943.4 ; 2 

I 2 535. 6*L 

4 

5 

3 556.5 


2 

5 253.5 : 5 

I 2 553. 3t 

3 

5 

3 706.1 


6 

5 296.1 i : 4 

I 2 555.0 

3 

4 

3 827.4 


3 

5 425.9 7 

IV 2 725.7 


4 

3 978.3 


6 

5 499.7 3 


Control lines: Interfering lines: 

*Ag 2660.4 *Ag Co Fe Hg Mn 
Co 2432.2 
Fe 2539.0 
Fe 2538.8 


Control lines: Interfering lines: 
tAg 2480.4 tAg Cd Co Fe 
Ag 2564.4 
Mn 2551.9 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV (Continued) 

Peincipal Lines by Elements 

PLATINUM 

Pt 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

2 2SS.2 

6 

3 

2 893.9 

6 

3 

4 498.8 

10 

10 

2 311.0 

3 

5 

2 929. 8p§ 

8R 

4 

4 520.9 

10 

4 

2 357.1 

4R 

2 

2 99S.0p|l 

7R 

10 

4 522.4 

10 

10 

2 424.9 

1 

10 

3 042.6 

4R 

4 

4 658.0 

6 

3 

2 42S. 1 

8R 

2 

3 064.7P1F 

GR 

10 

4 684. 1 

5 

1 

2 467.4 

6R 

2 

3 139.4 

8 

3 

5 059.5 

10 

3 

2 487.2 

4R 

2 

3 156.6 

S 

3 

5 227. 6 

10 

2 

2 628.1 

7R 

5 

3 200.7 

7 

3 

5 301.0 

10 

5 

2 646.9 

OR 

4 

3 204.1 

9 

4 

5 369.0 

10 

1 

2 650.9 

4R 

4 

3 301.9 

10 

5 

5 475.8 

10 

2 

2 659. 4p* 

lOR 

10 

3 408.14 

8 

8 

5 478.5 

10 

2 

2 702, 4t 

6R 

6 

3 485.3 

8 

3 

5 840. 1 

4 

1 

2 705,9 

5R 

5 

3 628.1 

10 

4 

6 326.6. 

10 

1 

2 719,0 

5R 

4 

3 672.0 

8 

3 

6 523.5 

4 


2 733. 9J 

8R 

6 

3 923.0 

8 

10 

6 710.4 

10 


2 771.7 

4R 

2 

4 118.7 

10 

10 

6 842. 6 

8 


2 794.2 

5R 

6 

4 327.1 

6 

3 

7 113.8 

10 


2 830. 3p 

8R 

5 

4 442.6 

10 


7 217.6 

6 



Control lines: 
*A1 3082.2 
Cr 2663.4 
Sn 2546.5 
tMn 2610.2 
Mo 2688.0 
tFe 2733.6 
Mo 2717.3 
§Fe 2957.4 


Interfering lines: 

‘>‘A1 Cr Ga Mg Mn 

fBa Co Cr Fe Hg 
JCd Fe Mg Mn Mo 
§Ag Cr Fe Mg Mo 


Control lines: Interfering lines: 

In 3258.6 
Mg 2936.5 

||Cr 3024.4 |iCo Cu Cr Mn Mo 
Fe 2994.4 
Ni 3050.8 

HCo 3044.0 tAl Bi Co Cu Mo Ni 
Fe 3057.5 
Ti 3078.6 


For explanation of control and interfering line symbols see page 305. 
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TABLE IV {Continued) 

Principal Lines by Elements 

POTASSIUM 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

.Arc 

Spark 

2 078. 


10 

3 530.7 


8 

4 466.7 


4 

2 190. 


6 

3 608.9 


5 

4 505.3 


5 

2 241. 


5 

3 618.4 


5 

4 608.4 


6 

2 650. 


5 

3 681.5 


4 

5 005.6 


5 

3 034.8 

4R 


3 897.9 


8 

I 5 099.3 

3R 

1 

3 062.4 


5 

4 001.2 


5 

I 5 112.5 

3R 

1 

I 3 102.0 

4R 

1 

I 4 044.2P*F 

lOR 

lOR 

I 5 323.4 

4R 

1 

I 3 217.2 

6R 

1 

I 4 047.2PtF 

lOR 

lOR 

I 5 339.0 

4R 

2 

I 3 217.6 

4R 

1 

4 134.7 


5 

I 5 343.2 

4R 

1 

3 345.7 


5 

4 149.2 


5 

I 5 359.7 

5R 

3 

3 363.3 


8 

4 186.1 

— 

10 

I 5 782.6 

5R 

3 

3 364.7 


6 

4 223.0 


6 

I 5 801.9 

6R 

4 

3 381.1 


4 

4 225.6 


4 

I 5 812.4 

6R 

3 

3 385.3 


4 

4 263.3 


8 

I 5 832.0 

7R 

4 

3 440.4 


3 

4 309.0 

.... 

5 

I 6 911.3 

10 

4 

I 3 446.4 

8R 

3 

4 388. 1 

! 

5 

I 6 939.0 i 

10 

6 

I 3 447.4 

6R 

2 








Control Hues: Interfering lines: 

’1‘Co 4092 . 4 *Co Cr Cu Fe Hg Ni Sc Ti W 
Fe 4271.8 
Hg 4358.3 
Mn 4034.5 


Control lines; Interfering lines: 

tCo 4092.4 tCoCrFeHgMnPtSc TeTi 
Fe 4271.8 
Hg 4358.3 
Mn 4055.6 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV ^Continued) 
Principal, Lines by Elements 
PRASEODYMIUM 
Pr 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 48S.S 



4 223.0 

10 

10 

5 381.3 

4 

2 

2 980.5 


8 

4 225. 3p 

10 

10 

5 469 . 9 

5 


2 985.8 


8 

4 241.0 

10 

10 

5 509.2 

4 

2 

3 687. L 

4 

3 

4 272.3 

9 


5 605.6 

.5 

2 

3 739.2 

4 

3 

4 280.1 

8 

4 

5 668.5 

6 


3 762.4 

4 

1 

4 297.8 

8 

5 

5 707.6 

6 


3 800.3 

5 

4 

4 305.8 

10 

10 

5 815.2 

8 

1 

3 816.1 

9 

8 

4 334.0 

10 

8 

5 823.7 

6 

1 

3 877.2 

10 

10 

4 368.3 

9 

8 

5 879.2 

6 

1 

3 908.4 

10 

8 

4 405.8 

8 

5 

5 939.9 

5 

3 

3 918.9 

7 

5 

4 408.8 

10 

10 

6 017.8 

5 

2 

3 947.6 

9 

4 

4 429.2 

10 

10 

6 055.1 

6 


3 964. S 

9 

4 

4 449.8 

8 

4 

6 161.2 

5 

2 

3 972.2 

8 

3 

4 468.7 

9 

8 

6 281.3 

5 


3 989,7 

10 

5 

4 496.4 

10 

10 

6 359.1 

5 


3 994,8 

10 

5 

4 510.2 

10 

10 

6 429.7 

5 

1 

4 008,7 

10 

8 

4 517.6 

0 

2 

6 431.9 

5 


4 054.9 

9 

6 

4 534.2 

6 

4 

6 478.1 

5 


4 056.5 

9 

8 

4 563.1 

5 

3 

6 .566.8 



4 062. 8p 

10 

8 

4 628.7 

4 

3 

6 6.56.9 

6 


4 100.8 

10 

10 

4 736.7 

4 

2 

6 673.7 

10 


4 118.5 

10 

10 

4 783.4 

4 

1 

6 747.2 

6 


4 141.3 

10 

6 

5 110.4 

6 

2 

6 798.7 

8 


4 143.1 

10 

10 

5 110.8 

6 

3 

6 827.7 

6 


4 164.2 

10 

10 

5 173.9 

6 

4 

7 021.6 

6 


4 179. 4p 

10 

10 

5 220.1 

5 

3 

7 114.6 

4 


4 189.5 

10 

10 

5 322.8 

5 

3 

7 451.7 

4 


4 206,7 

10 

10 








For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 

RHODIUM 

Rh 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

j Wavelength 

1 Arc 

I Spark 

2 475.6S1G1 

1 

6 

3 692. 4p^ 

lOR 

10 

i 5 193.1 

i 10 

! 3 

2 490.8 

3 

10 

3 695. 5F 

7 

S 

} 5 354.4 

1 10 

■ 5 

2 5IO.7S2G2 

2 

6 

3 700.9 

lOR 

10 

1 5 379.1 

1 10 

3 

2 520.5S:iG3 

2 

10 

3 748.2 

9 

10 

5 390.4 

’ 10 

3 

2 625.4 

2 

8 

3 765.1 

lOR 

10 

5 424.0 

1 10 

2 

2 705.6 

3 

10 

3 793.2 

lOR 

10 

5 535.0 

i 10 

1 

2 715.3 

2 

10 

3 799.3 

lOR 

10 

5 544.6 

: 10 

1 

2 968.7 

5 

1 

3 822.4 

lOR 

10 

j 5 599.4 

i 10 

3 

3 263.1 

9 

2 

3 828.5 

lOR 

10 

! 5 686.4 

10 

1 

3 280.5 

lOR 

6 

3 833.9 

lOR 

10 

j 5 S06.9 

' 10 

1 

3 283.6 

lOR 

5 

3 856.5S7G7 

lOR 

10 

5 831.6 

; 10 

1 

3 323. IpF 

lOR 

10 

3 934.2 

lOR 

6 

5 983.6 

: 8 

2 

3 396.Sp*F 

lOR 

10 

3 942.7S8G8 

lOR 

6 

! 6 102.7 

! 8 

I 1 

3 434.9ptF 

lOR 

s 

3 908.9S9G8 

lOR 

10 

1 6 414.7 

; 8 

1 

3 462.0 

lOR 

8 

4 082.8 

10 

5 

1 6 519.7 

1 10 


3 470.8 

lOR 

8 

4 097.5 

8 

4 

6 630.2 

; 10 


3 474.8 

lOR 

7 

4 128.9 

lOR 

10 

6 752.4 

i 10 

; 1 

3 478.9 

lOR 

10 

4 135.3 

lOR 

10 

6 880.0 

: 10 


3 502. 5t 

lOR 

10 

4 211. IF 

lOR 

10 

6 965.7 

i 10 


3 528. 0§F 

lOR 

10 

4 288.7 

lOR 

s 

! 7 101.7 

, 10 


3 583. IF 

lOR 

8 

4 374.8** 

lOR 

10 

1 7 270.8 

: 10 


3 596.2FS4G4 

lOR 

10 

4 379.9 

8 

3 

j 7 475.7 

i 10 


3 597,2S6Gs 

lOR 

10 

4 492. 5F 

4 

3 

! 7 791.6 

1 9 j 


3 626.6 

lOR 

10 

4 528.7 

10 

5 

1 7 824.9 

10 


3 658,0 II SfiGe 

lOR 

10 

4 675.0 

10 

5 


6 


3 690. 7F 

lOR 

10 

4 851.6 

10 

3 

j 7 830.1 




Control 

lines: 

Interfering lines: 


Control lines: 

Interfering lines: 

*Bi 

2993.3 

*Bi Cu Fe Hg Mo 


Mn 

3548.0 


Co 

3409.2 



II Mo 

3680.7 

II Co Fe Hg Mn Mo 

tCo 

3443.6 

fCr Cu Mo Hg Ni 


Ti 

3234.4 


Ni 

3393.0 



"Fe 

3709.3 

•'Co Hg Ain Mo Pb 


4166.0 

JAg Ba Co Cr Mo 


Mo 

3680.7 


Co 

3405. 1 



V 

3828.6 


Fe 

3558.5 




4337.6 

**A1 Bi Cd Co CrCu Mo 

§Co 

3506.3 

§Au Co Cu Fe Ni 


Mo 

4377.8 


Fe 

3658.5 



Mo 

4369.1 


Contro 

lines: 

Control lines: 


Control lines: 

SiPt 

2488. 7 



3706.5 


GsPt 2513.9 


2482.2 


SrPt 

3925.3 


2488. 7 

SoPt 

2514.0 



3923.0 


2482.1 


2488.0 


SsPt 

3948.4 


GiPt 3638. S 


2482.2 


SsPt 

3925.3 


GsPt 3597.2 

SsPt 

2514.0 



3923.0 


GePt 3638. S 


2488.7 


GiPt 

2488.7 


3706.7 


2482.2 



2482.1 


G7Pt 3923 0 

S4Pt 

3638. 8 


G^Pt 

2513.9 


GiPt 3948.4 

SsPt 

3638.8 



2488.7 


GsPt 3923.0 

S6Pt 

3638.8 



2482.1 


3948.4 


For explanation of control and interfering line symbols see page 30o. 
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TABLE IV {Continued) 

Principal Lines by Elements 

RUBIDIUM 

Rb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 561.9 


5 

3 662.7 


10 

4 430.7 


10 

2 631.8 


6 

3 699.6 


10 

4 530,3 


6 

2 807.6 


6 

3 801.9 


10 

4 571.8 


10 

2 956. 1 


10 

3 940.6 


10 

4 622.4 


10 

3 023.7 


5 

3 978.1 


10 

4 648.6 

.... 

10 

3 086.9 


5 

4 083.9 


10 

4 776.0 


9 

3 111.4 


6 

4 104.3 


10 

4 782.9 


7 

3 198.8 


8 

4 136.2 


10 

4 885.6 


5 

3 271.0 


7 

4 193.0 


10 

5 152.1 


6 

3 321,5 


8 

I 4 201.8p*F 

lOR 

9R 

5 622.8 


6 

3 340.6 


8 

I 4 215. 6pt 

lOR 

9R 

5 636.0 


6 

I 3 348.7 

4R 

4R 

4 244.4 


10 

5 699.2 


6 

I 3 350,9 

5R 

5R 

4 273.1 


10 

I 5 724.5 

4 

2 

3 393.1 


7 

4 293.9 


10 

I 6 206.5 

8 

2 

3 434.2 


8 

4 348.3 


10 

I 6 298.6 

10 

3 

3 461.6 


10 

4 371.8 


10 

6 775.1 


9 

3 492.7 


10 

4 377. 1 


10 

I 7 280.2 

10 


3 531.6 


10 

4 380.7 


10 

I 7 408.4 

10 


I 3 587. 1 

4R 

4R 

4 401.4 


10 

I 7 800. 3P 

lOR 


I 3 591.6 

3 600.7 

4R 

4R 

10 

4 426.1 


10 

I 7 947. 6p 

8R 



Control lines: Interfering lines: Control lines: Interfering lines: 

*Fe 4143.9 *Co Cr Fe Mn Mo Ni Ft Rh fSr 4077.7 tAg Co Cr Cu Fe Hg Mn Mo 
Ru 4297.7 Ru Ti V Pd Rh Ru So Sr Ti V W 


For explanation of control and interfering line symbols see page 365. 



PRINCIPAL LINES BY ELEMENTS 


413 


TABLE IV (^Continued) 

pRiNciPAii Lines by Elements 

RUTHENIUM 


Ru 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 402. 7L 

3 

10 

I 3 726. 9\ ^ 

lOR 

8 

I 5 171.0 

10 


2 456. 4L 

3 

6 

I 3 728.0/ f' 

lOR 

8 

I 5 309.3 

10 

2 

2 661. 6L 

4 

6 

I 3 730.4 

9R 

8 

5 361.8 

10 

1 

2 67S.7pL 

4 

10 

I 3 742.3 

lOR 

3 

5 401.0 

10 

1 

2 692. Ip 

5 

10 

I 3 786.0 

lOR 

10 

5 427.6 

10 

1 

2 712. 4p 

4 

10 

I 3 790.5 

lOR 

10 

5 454.8 

10 

1 

2 734.3 

4 

10 

I 3 798. 9\j 

lOR 

10 

I 5 484.3 

10 

1 

2 916.3 

S 

3 

I 3 799.3/ 

lOR 

10 

5 510.7 

10 

1 

2 945. 7p 

3 

10 

3 923.5 

8 

5 

I 5 636.2 

8 

3 

2 965. 6p 

3 

10 

I 4 080.6 

lOR 

10 

I 5 815.0 

10 

1 

2 976. 6p 

4 

10 

I 4 112.8 

9 

5 

I 5 921.5 

10 

1 

3 177.0 

3 

8 

I 4 199.9 

lOR 

10 

I 6 444.8 

9 


I 3 294.1 

8 

8 

I 4 212.1 

10 

8 

6 690.0 

10 


3 339.6 

8 

2 

I 4 297.7 

10 

10 

6 824.1 

10 


3 417.4 

lOR 

3 

I 4 372.2 

10 

10 

6 923.2 

10 


3 428.3 

lOR 

3 

I 4 460.0 

8 

8 

6 982.0 

10 


I 3 436. 7p 

lOR 

5 

I 4 554.5 

lOR 

10 

I 7 027.9 

10 


I 3 499. OP* 

lOR 

8 

I 4 684.5 

10 

8 

7 239.0 

9 


I 3 593,0 

lOR 

6 

I 4 709.5 

10 

5 

7 393.9 

8 


I 3 596. 2p 

lOR 

6 

I 4 757.9 

10 

3 

7 499.8 

10 


3 634.9 

lOR 

3 

I 4 815.5 

10 

3 

7 791.9 

S 


I 3 661.4 

8R 

10 

I 4 869.2 

10 

3 

7 809.2 

9 


3 726. IF 

4R 

3 

I 5 136.6 

10 

1 

7 881.5 

10 



Control lines: Interfering lines : Control lines: Interfering lines: 

*Ba 4166.0 *Cd Cu Fe Mo Rh Ti 3752.9 

Co 3405.1 V 3715.5 

Fe 3558.5 JFe 3795.0 JCu Fo Hg Mg Mii Rh Sn V W 

Rh 3528.0 Fe 3709.3 

Rh 3478.9 Rh 3700.9 

tFe 3767.2 fCd Fe Mn Mn Mo V 3813.5 

For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Continued) 
Principal Lines by Elements 
SAMARIUM 
Sm 


Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

3 592.6 

5 

5 

4 544.0 

5 

5 

5 773.8 

5 


3 634.3 

4 

4 

4 595. 3 

5 

5 

5 787.0 

5 


3 661.4 

4 

4 

4 615.7 

5 

4 

5 814.9 

5 


3 724.9 

6 


4 676.9 

5 

4 

5 874.2 

4 


3 739.2 

6 

5 

4 704.4 

5 

3 

5 938.9 

4 


3 745.6 

5 

3 

4 760.3 

5 

2 

5 965.7 

4 


3 986.7 

4 

2 

4 844.2 

4 

3 

6 159.5 

4 


4 092.3 

5 

4 

4 883.8 

4 

1 

6 256.7 

5 


4 118.6 

6 

5 

4 910.4 

4 

1 

6 426.6 

4 

1 

4 203.0 

6 

6 

5 044.3 

4 

1 

6 487.7 

4 

1 

4 229.7 

6 

4 

6 071.2 

4 

1 

6 569.3 

6 

2 

4 256.4 

s 

5 

5 271.4 

4 

1 

8 601.8 

5 


4 280. SL 

5 

4 

5 341.3 



6 679.3 

5 


4 281. OL 

4 

3 

5 493. 7 

6 


6 731.9 

6 


4 319.0 

5 

8 

5 498.2 

6 


6 794.2 

5 


4 390. 9p 

5 

10 

5 519.6 

5 


6 861.1 

6 


4 424. 4p 

6 

10 

5 550.4 

6R 


6 955.3 

5 


4 434. 3pL 

6 

8 

5 626.0 

6 


7 020.5 

5 


4 467.3 

5 

10 

5 644. 1 

6 


7 039.2 

6 


4 519.6 

8 

5 

5 696. 7 

4 


7 082.4 

5 



Por explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 
Principal Lines by Elements 
SCANDIUM 
Sc 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 062. 


4 

II 3 581.0 

10 

10 

5 031.0 

10 

4 

2 272.9 

4 


II 3 689.7 

10 

10 

I 5 081.6 

10 

2 

2 438.6 

5 


II 3 590.5 

10 

10 

5 239. S 

10 

2 

II 2 552.4 

10 

10 

II 3 613. 8Pt 

10 

10 

5 349.3 

10 

1 

II 2 560.3 

5 

6 

II 3 630. 8pt 

10 

10 

5 482.0 

10 

1 

2 699.1 

6 

10 

II 3 642. 8p 

10 

10 

5 520.5 

10 

1 

2 734.1 

4 

8 

II 3 645.3 

10 

10 

5 526.8 

10 

3 

2 989.0 

10 

3 

II 3 651.8 

10 

10 

ri 5 657.9 

10 

2 

I 3 019.3 

10 

1 

I 3 907. 5p 

10 

6 

I 5 671.8 

10 

1 

3 039.9 

10 

2 

I 3 911. 8p 

10 

6 

I 5 686.9 

10 

1 

3 045.7 

10 

3 

I 3 996.6 

10 

2 

I 5 700.2 

10 

1 

3 053.9 

10 

4 

I 4 020.4 

10 

8 

I 5 711.8 

10 

1 

3 065.1 

10 

5 

I 4 023. 7§ 

10 

8 

I 6 210.7 

10 

: 1 

I 3 269.9 

5 

2 

I 4 047.8 

7 

2 

I 6 259.0 

: 10 

i 1 

I 3 273.6 

5 

2 

I 4 054.6 

8 

3 

I 6 305.7 

: 10 

1 

3 353.7 

10 

10 

I 4 082.4 

10 

3 

6 413.4 

: 10 


II 3 359.7 

10 

S 

4 165.2 

6 


6 604.6 

4 

1 

II 3 361.3 

10 

8 

II 4 246.811 

10 

10 I 

6 737.9 

1 10 


II 3 362.0 

10 

8 

II 4 314. IIT 

10 

10 

6 817.1 

i 10 


II 3 369.0 

10 

10 

II 4 320.7 

10 

10 

6 819.5 

! 10 


II 3 372.3 

10 

10 

11 4 325.0 

10 

10 

6 829.5 

[ 10 


3 535.7 

10 

10 

II 4 374.5 

10 

10 

6 835.0 

I 10 


II 3 558.6 

10 

, 10 

II 4 400.4 

10 

10 

7 136.1 

i 6 


II 3 667.7 

10 

10 

II 4 415.0 

10 

10 

7 697.8 

10 


II 3 572.6* 

10 

10 

4 670.4 

9 

10 

7 741.2 

i 10 


II 3 676.4 

10 

10 

I 4 743.8 

10 

4 

7 800.4 

i 10 

: .... 


Control lines: 

Interfering lines: 

Control lines: 

Interfering lines : 

*Co 

3669.4 

*Bi Cr Fe Mn Ni Pb 

Mo 3614.3 


Co 

3412.3 


Mo 3158.2 


Pe 

3749 . 5 


§Co 4086.3 

ICo Cr Cu Fe Hg Mn Pt Rh 

Mn 

2949.2 


Cu 4062.8 

Ru Ti V 

Ni 

3610.5 


Ti 4078.5 


tCd 

2288.0 

tAl Au Bi Cd Cr Cs Hg Mg 

llPb 4168.0 

i|Co Cr Cu Fe Mn Mo Pt Rh 

Mo 

3447.1 

Mo Ni Rh 

Pb 4057.8 

Ru Ti V 

Ni 

3510.3 


TFe 4282.4 

T.4. As .\u Co Cr Fe Mo Ni 

tFe 

3570.1 

JBa Bi Ca Co Fe Mn Sb Sr W 

Ti 4335.9 

Pd Rh Ru 



For explanation of control and interfering line sj'mbols see page 365. 
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TABLE IV (Continued) 

Principal Lines by Elements 

SELENIUM 

Se 


"Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength. 

Arc 

Spark 

2.038.0 

2 

8 

3 387.2 


6 

4 449.2 


2 

2 063. 7p 

8 

8 

3 514.0 


8 

4 467.6 


3 

2 073.0 

8 

3 

3 544.2 


10 

4 516.2 


2 

2 364.3 


3 

3 637.5 


10 

4 563.9 


4 

2 469.5 


3 

3 711.6 


6 

4 604.3 


5 

2 591.4 


5 

3 738.7 


10 

4 618.7 


3 

2 630.9 


5 

3 800.9 


8 

4 648.4 


5 

2 685.9 


4 

3 849.6 


2 

I 4 730. 9P 



2 767.4 


3 

3 877.3 


4 

I 4 739. Ip 



2 777.7 


3 

4 008.1 


2 

I 4 742. 4p 



2 837.2 


4 

4 046.7 


2 

4 763.6 


2 

2 880.4 


3 

4 083.2 


3 

4 840.5 


1 

2 914.9 


3 

4 108.8 


3 

4 844.8 


1 

2 951.7 


3 

4 169.0 


3 

4 975.7 



3 038.7 


2 

4 176.0 


10 

4 992.9 


1 

3 069.9 


2 

4 182.0 


10 

5 031.3 



3 094.3 


3 

4 280.3 


2 

5 068.6 


1 

3 185.5 


3 

4 320.4 


3 

5 096.5 


1 

3 225.9 


3 

4 382.8 


6 

5 142.1 


1 

3 323.1 


3 

4 401.0 


3 

5 170.0 


2 

3 379.8 


3 

4 446.0 


8 

5 227.5 


2 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 

SILICON 

Si 


Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

W 

ivelength 

Arc 

Spark 

I 2 124.1 


6R 

I 

2 631.3 

5 

e 

I 

3 905.5p 

10 

5 

I 2 216.7 

3 

3 

I 

2 881.6p^LS3 

lOR 

10 

IV 

4 088.9 


6 

IV 2 287.1 


10 


G3N3 



II 

4 12 s. 1 


5 

1 + 2 435.159 

5R 

5 

I 

2 987.7 

5 

4 

II 

4 130.9 


6 

r + 2 506.904p*SiNi 

lOR 

6 

in 

3 590.5 


2 

III 

4 552.7 


3 " 

I 2 514.3tNo 

8R 

5 

III 

3 791.4 


6 

III 

4 567.9 


2 

I 2 516.1ptLS-2 

lOR 

10 

III 

3 796.1 


7 

III 

4 574.8 


1 

I 2 519.2 

SR 

5 

III 

3 806.6 


3 

II 

5 041.1 


1 

I 2 524.1§Gi 

lOR 

8 

II 

3 853.7 


3 

II 

5 056.0 


2 

1 + 2 528.516p|lG2 

lOR 

8 

II 

3 856.0 


5 

II 

5 371.4 


2 

III 2 541.8 


10 

II 

3 862.6 


4 






Control lines: 
H-Co 2587.2 
tOs 2498.4 
JPt 2498.6 
gCo 2519.8 
Fe 2541.0 
Fe 2488.2 
II Co 2521.4 
Co 2564.4 


Interfering lines: 

*Ag Co Cu Cr Fe V 
tFe Mn Mo Pt Sb V 
JBi Fe Mo Ti V W 
§Bi Fe Mo Ni Pb Pt 


llAu Ba Co Mo Pb Sb 


Control lines: 
Fe 2510.8 
Fe 2522,9 

V 2527. 9 
ISb 2598. 1 

Ti 2877. 4 
Ti 2884. 1 

V 2884.8 


Interfering lines: 

•ICd Mg Mo 


Control lines: 
SiCu 2529.4 
SaCu 2492.2 
2406.7 
SaCu 2713.6 
2703.3 
2882.9 


Control lines 

2997.4 
GiFe 2523.6 
GaFe 2521.7 
GaFe 2880.7 
2926.6 


Control lines; 
NiSn 2495.7 
NaSn 2495.7 
NsSn 2913.5 
2813.6 
Cu 2882. 9 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND GHAUTS 


TABLE IV (Continued) 
Principai. Lines by Elements 
SILVER 
Ag 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 145.6 

1 

3 

2 460.3 


5 

3 099.1 

2 

1 

2 162.0 


2 

2 462.3 


4 

3 130.0 

3 

1 

2 166.5 

2 

2 

2 473.9 


6 

3 170.6 

2 ■ 

1 

2 186.76 

2 

3 

2 480.4 


4 

3 180.7 



2 202.1 

2 

2 

2 504.1 


1 

3 215.6 

2 

1 

2 229. 5Si 

2 

4 

2 506.7 

2 

5 

3 223.0 



2 246. 4p 

3 

3 

2 535.3 


5 

3 233. S 

3 

2 

2 248.7 

3 

3 

2 564.42 


6 

3 280.7p*FL Sc 



2 280. OSs 

1 

5 

2 575.5 

4 

1 

NcB 

lOR 

9R 

2 309.5 

OR, 

4 

2 580.7 


G 

3 305.7 

2 


2 312.4 

4 

2 

2 595.0 


3 

3 331.8 


2 

2 317.0 

2 

5 

2 606.1 


6 

r 3 382.9ptFL 



2 320,2 

2 

6 

2 614.5 


6 

SvN4 

lOR 

9R 

2 321.5 


3 

2 656.8 


6 

3 542.5 

3 

2 

2 324.6 

2 

6 

2 660.4 

3 

5 

1 3 682.3 

2 

1 

2 325.1 


4 

2 681.4 


4 

I 3 840.8 

2 

1 

2 331.4 

4 

6 

2 688.4 


3 

I 3 981.6 

4 

1 

2 357.9 


6 

2 712.1 


4 

I 3 055.3 

8R 

3 

2 358.9 


5 

2 721.8 

3 

2 

4 085.9 


3 

2 362.2 


3 

2 743.9 


3 

I 4 212.0 

8R 

4R 

2 364.0 


4 

2 756.4 


6 

4 311.1 

2 

2 

2 37S.0 

4 

3 

2 767.5 


8 

4 379.2 

2 


2 386.3 


3 

2 786.5 


3 

4 396.0 

2 

1 

2 390.6 


3 

2 799.6 


6 

I 4 476.1 

6 

4 

2 402.6 


3 

2 815.6 


4 

4 556.0 

3 

1 

2 411.4 


7 

2 824.4 

6 

1 

4 615.9 

3 

1 

2 413. 2S3 

4 

8 

2 873. 6 

2 

4 

I 4 668.5 

S 

3 

2 420.1 


5 

2 896.5 


4 

4 677.9 

2 


2 429.7 


7 

I 2 902.1 


4 

4 848.1 

2 


2 437.8PS4N1 

3 

8 

2 920.0 


3 

4 874.2 

2 

1 

2 444.2 


4 

2 929.3 


5 

4 888.3 

2 


2 447.9SsN2 

2 

7 

2 934.3 


6 

I 5 209,0 

lOR 

8 

2 453.4 


6 

2 938.5 

4 

4 





Control lines; 
*V 3271.1 
Zn 3302.6 
tMo 3447.1 


Interfering lines: 
*Ca Mn Zn 

tAu Cr Sb Sr 


Control lines: 
Ni 3393.0 


Sr 3464.5 


Ti 3372.8 


Control lines: 
SiSn 2231.7 
SjiSn 2282.3 
SaSn 2408.2 
S<Sn 2433.5 
Sn 2455.2 
SsSn 2433.5 
Sn 2455.2 
SeSn 3262.3 
S7Sn 3218.7 
3330.6 
3660.0 


Control lines: 
NiSn 2455.3 
2433.5 
NaSn 2433.5 
NaSn 3223.6 

3218.7 

3141.8 
Pb 3262.3 

3240.2 

3043.9 
NiSn 3655.9 


Control linos: 

3413.0 
3352.3 

3330 . 6 

3223 . 6 

3218.7 

3141.8 
Pb 3240,2 

3230.0 
3220 . 5 

BMg 2852.1 


For explanation of control and interfering line symbols see page 305. 
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TABLE IV {Continued) 
Principal Lines by Elements 
SODIUM 
Na 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wa 

velength 

: Arc 

Spark 

2 490.7 

IR 


2 980. 


4 

I 

4 

665.0 

3 

3 

2 493.3 


2 

2 984.3 


4 

I 

4 

669.0 

4 

3 

I 2 612. 1 

IR 

1 

3 056.3 


3 

I 

4 

748.1 

3 

2 

I 2 512.2 

IR 

1 

3 078.5 


4 

I 

4 

752.0 

4 

2 

I 2 543.8 

2R 

1 

3 093.0 


0 

I 

4 

979.0 

5 

4 

I 2 543.9 

IR 

1 

3 129.0 


6 

I 

4 

983.2 

: 0 

4 

I 2 593.8 

3R 

3 

3 189.0 


4 

I 

5 

675.8 


8 

I 2 593.9 

2R 

3 

3 285.0 


o 

I 

5 

682.8 

i 8 : 

8 

I 2 680.3 

4R 

4 

I 3 302. 3p* 

9R 

9R 

I 

5 

6SS.3 

' 10 ’ 

8 

I 2 680.4 

3R 

4 

I 3 302. 9p 

8R 

8R 

I 

5 

890. OF^ 

1 lOR 

S 

2 847.0 


4 

3 533.1 


8 

I 

5 

S95.9pF 

: SR 

10 

I 2 852.8 

dR 

5 

3 631.0 


5 

I 

6 

154.4 

' 4 

3 

I 2 853.0 

4R 

5 

3 711.0 


3 

I 

6 

160.8 

5 

4 

2 951.4 


5 

I 4 393.0 

3 

1 

I 

6 

183.3 

, 8 ' 



Control lines: Interfering lines: Control lines: 

*Fe 3407.5 *Cr Pt Sr Ti Zn Zn 3345.0 

STRONTIUM 


Sr 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

I 2 428. 1 

3R 


I 4 811.9 

6R 

4 

I 5 

543.3 

: . 

2 

I 2 569.5 

3R 


I 4 832. Ip 

6 

3 

5 

598.4 

6 

1 

I 3 301.7 

5 

2 

I 4 855. 1 

4 

1 

I 6 

364.0 

4 

1 

I 3 307.5 

4 

1 

I 4 872. 5p 

6 

2 

I 6 

370.0 

4 

1 

I 3 322.2 

5 

1 

I 4 876.1 

6 

1 

I 6 

380. 7 

5 

1 

3 330.0 

4 


I 4 876.3 

0 

1 

I 6 

386,5 

7 

1 

I 3 351.3 

6R 

2 

1 4 892.0 

6 

2 

I 6 

3SS.3 

‘ 6 

1 

II 3 366.3 

3 

2 

I 4 962. 3P 

6R 

2 

6 

40S.5 

. 9 

4 

II 3 380. 7 

5 

6 

I 4 967.9 

4 

1 

6 

504.0 

: S 

4 

I 3 464.5 

6 

7 

I 5 156.1 i 

5 

1 

6 

546. S 

' 5 

2 

I 3 940.8 

5 

2 1 

5 222.2 

5 

1 

6 

550.3 

: 6 

3 

II 4 030.4 

5 

4 i 

5 225.1 

5 

1 

6 

617.3 

6 

3 

II 4 077. 7p* 

i lOR 

lOR 

5 229.3 

5 

1 

6 

643.6 

5 

2 

II 4 161.8 

4 

3 

5 238. 6 

6 

1 

I 6 

791.1 

: 6 

1 

II 4 215. opt 

9R 

9R 

5 256.9 

6 

3 

I 6 

878.4 

10 


I 4 305.5 

4 

4 

I 5 480.9 

7 

4 

I 7 

070.2 

! lOR 

; 1 

I 4 361,7 

4 

2 

I 5 486.1 

5 

2 

I 7 

167.3 

; 6 


I 4 438. 0 

0 

3 

I 5 504.2 

5 

3 

I 7 

232.2 

: 5 


I 4 607.3PtF 

lOR 

GR 

I 5 521.8 

6 

3 

I 7 

309.5 

7 


I 4 722.3 

6 

3 

I 5 534.8 

5 

2 i 

I 7 

621.5 

^ 5 


I 4 741,9 

6 

1 1 

I 5 540.0 

! " 


7 

673.1 




Control lines: 
*Mn 4055.6 
Cb 4059,0 
Ti 4295.8 


Interfering lines: 

*Au Bi Co Cr Fe Hg Mn Mo 
So Ti W 


Control lines; 
tRb 4201.8 

tFe 4619.3 
Mo 4626.5 


Interfering lines: 

tAg Co Cr Cu Fe Hg Mn 
JAl Au Be Co Cr Cs Fe Li 
Mn Mo Pt Sc Ti V W 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV (Continued) 

Princlpal. Lines by Elements 

SULFUR 

S 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

3 098.4 

5 


4 694. 2p 


10 


5 

579.1 


6 

3 497.3 

8 


4 695. 5p 


8 


5 

606.1 


8 

3 717.7 

5 

6 

4 696. 3p 


6 


5 

614.3 


5 

3 837. 4 

4 

7 

4 925.3 


6 


5 

640.0 


8 

3 838.3 

8 

8 

5 009.6 


6 


5 

647. 1 


8 

3 928.5 


8 

5 014.0 


8 


5 

660. 1 


6 

3 983.7 


5 

5 032.5 


8 

I 

5 

696.8 


6 

3 993.. 5 


5 

5 201.0 


6 

I 

5 

700.4 


7 

4 028.8 


6 

5 212.6 

1 

8 

I 

5 

706.2 


8 

4 142.5 

2 

8 

5 278.1 


3 

I 

6 

042.0 


5 

4 145.1 

2 

10 

5 278.6 


5 

I 

6 

046.0 


6 

4 253.2 


10 

5 279.0 


6 

I 

6 

052.8 


7 

4 163. 

3 

10 

5 320.7 


8 


6 

538.1 


6 

4 174.3 

1 

7 

5 345.7 


8 

I 

6 

743.7 


5 

4 189.9 


5 

5 428.7 


9 

I 

6 

748.8 


6 

4 253.6 


8 

5 432.8 


10 

I 

6 

757.2 


7 

4 285.0 

5 

8 

5 453.8 


10 


7 

244.8 


6 

4 294.4 


8 

5 473.6 


8 


7 

679.6 


4 

4 332.7 

1 

5 

I 5 507.0 


5 


7 

686.1 


6 

4 362.5 


6 

5 509.6 


10 


7 

696.7 


8 

4 525.0 


6 

5 564.9 


8 







Por explanation of control and interfering line symbols see page 365. 



PRINCIPAL LINES BY ELEMENTS 


421 


TABLE IV {Coniinued) 

Principal Lines by Elements 

TANTALUM 

Ta 


Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 635.6* 

4 

3 

3 436.0 

5 

1 

5 130.5 

3 

3 

2 647, 5t 

3 

2 

3^497.9 

5 


5 461.3 

4 

2 

2 653. 

3 

2 

3 511.0 

8 

2 

5 518.9 

3 

2 

2 675. 9§ 

3 

5 

3 566.7 

4 

1 

5 664.9 

0 

3 

2 685.111 

3 

5 

3 607.4 

7 

2 

5 776.7 

7 

2 

2 714.7^ 

3 

2 

3 626.6 

9 

3 

5 Sll.l 

8 


2 758.3 

3 I 

1 

3 642.1 

10 

2 

5 822.3 

r, 


2 802.1 

3 

1 

3 918.5 

3 

2 

5 997.2 

7 


2 891.9 

4 

1 

4 027.0 

4 

2 

6 045.4 

5 


2 933.6 

5 

2 

4 067.9 

6 

2 

6 256.6 

S 

2 

2 965,2 

4 

4 

4 129.4 

5 

2 

0 268.7 

S 

2 

3 012.5 

5 

3 

4 175.2 

4 

3 

6 309.0 

8 

3 

3 049.5 

5 

1 

4 205.9 

G 

2 

6 389.4 

8 

3 

3 103.3 

5 

1 

4 279.1 

3 

2 

6 430.8 

9 

5 

3 125.0 

4 

1 

4 415.7 

3 

3 

6 450.4 

10 

5 

3 170.3 

4 

1 

4 511.0 

8 

3 

6 485.4 

10 

10 

3 223,8 

4 

2 

4 530.8 

5 

3 

6 514.4 

9 

3 

3 242.1 

4 


4 574.3 

5 

3 

6 516.1 

10 

3 

3 311. IP 

9 

3 

4 681.9 

5 

5 

6 673.7 

4 

I 

3 317.9 

7 

1 

4 740.1 

4 

2 

6 675.5 

5 

2 

3 381.6 

5 

1 

4 812.7 

4 

2 

6 866. 2 

3 

1 

3 406. 9p 

5 

2 

4 936.4 

3 

1 





Control lines: Interfering lines Control lines: Interfering lines: 


*Fe 

2692.6 

*Ba 

Cr 

Fe Mn Mo Te V W 

Ft 

2650.9 



Mo 

2688.0 




V 

2677.8 



tBe 

2348.6 

tBa 

Fe 

Pb 

IlCr 

2691.1 

lICo 

Cr Fe Mo Ti 

Mo 

2644.3 




Mo 

2775.4 



tAl 

2660.3 

UI 

Hg 

Mo Pb Sb W 

IFe 

2727.5 

^Be 

Fe In Mn Pt 

§Cr 

2835.6 

§Au 

Co 

Sb V W 

Mo 

2701.4 




TELLURIUM 


Te 


Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

2 081. 8 

S 


2 265.5 

SR 

3 

5 045.2 


4 

2 143. Op 

9R 

1 

2 283. 3p* 

lOR 

lOR 

5 449.7 


5 

2 147.3 

8 

1 

2 385. Spt 

lOR 

lOR 

5 649.3 


10 

2 160.1 

6 

1 

2 530. 7p 

7 

5 

5 708.1 


10 

2 208.9 

6 

2 

2 769. 7p 

9 

4 

5 755.8 


8 

2 255.5 

5R 

3 

3 175.1 

9 

2 

6 438.0 


10 

2 259.0 

SR 

3 

4 866.5 


4 


i 



Control lines: Interfering lines: Control lines: 

*Co 237S.6 *Ag Co Cr Fe Ir Mn fAu 2352.7 

Fe 2380. S Co 2383.5 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV (Continued) 

Principal Lines by Elements 

TERBIUM 

Tb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 658. 9 


10 

3 981. 9L 

10 

10 

4 837.6 

6 


2 891.3 


10 

4 005.6 

s 

10 

4 875.6 

6 


2 909.2 


10 

4 012.9 

7 

5 

4 881.1 

6 


2 913.3 


10 

4 033.1 

8 

s 

4 915.9 

6 


3 078.9 

4 

8 

4 066.2 

5 

3 

4 931.8 

6 


3 293.1 

5 

8 

4 094. 4L, 

5 

4 

4 971.0 

5 


3 324:. 4 

8 

5 

4 144.5 

5 

10 

4 993.9 

6 


3 413.8 

5 

4 

4 187.2 

5 


5 065.8 

5 


3 454.1 

7 

4 

4 235. 4L 

5 

4 

5 089.1 

5 

1 

3 509. Ip 

10 

10 

4 278.5 

10 

10 

5 228.1 

5 


3 561. Sp 

10 

10 

4 318.9 

6 

3 

5 319.2 

5 


3 568.5 

7 

5 

4 342.5 

6 

2 

5 369.7 

5 


3 628.2 

8 

3 

4 353.2 

6 

3 

5 376.0 

5 


3 638.5 

7 

5 

4 356.8 

6 

2 

5 424.1 

5 


3 650.4 

7 

8 

4 367.3 

5 

3 

5 470.3 

5 


3 658.9 

8 

8 

4 423.1 

5 

1 

5 524.1 

5 


3 676.6 

8 

10 

4 493.1 

5 

2 

5 685.7 

5 


3 702.9 

6 

10 

4 511.5 

0 


5 747.6 

6 


3 703.9 

8 

8 

4 563.7 

6 

1 

5 785.2 

5 


3 711.8 

10 

4 

4 .578.7 

8 

3 

5 803.1 

5 


3 766.1 

6 

8 

4 642.0 

8 

3 

5 851.1 

5 


3 776.5 

8 

8 

4 645.3 

9 

2 

5 967.4 

5 


3 848. 8p 

10 

10 

4 662.8 

6 

1 

6 039.0 

4 


3 874. 2p 

10 

10 

4 681.9 

8 


6 331.7 

4 


3 899.2 

8 

8 

4 702.4 

8 

2 

G 677.9 

6 


3 925.5 

10 

10 

4 734.2 

6 

1 

6 785.1 

4 


3 939.5 

10 

10 

4 739.9 

6 

1 

6 794.6 

5 


3 976.9 

10 

10 

4 752. 5 

10 

8 

6 896.4 




THALLIUM 

T1 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

I 2 237.8 

6R 

3R 

I 2 710.7 

4R 

4 

I 3 529.4 

8R 

10 

I 2 316.0 

6R 

4 

I 2 767. 9 S 5 

lOR 

10 

I 3 775.7ptLSio 

lOR 

lOR 

I 2 379. 6Si 

8R 

lOR 

I 2 826. 2S6 

8R 


4 738.1 


10 

I 2 552.5 

6R 


I 2 918. 3 S 7 

lOR 

1 

I 5 350. 5PJ 

lOR 

10 

I 2 580. 2 S 2 

SR 

6R 

I 2 921.5 

6R 

1 

5 948.9 

8 

8 

2 665. 6 S 3 

4 

4 

I 3 229. 8Ss 

lOR 

1 

I 6 550.0 

8 

3 

I 2 709. 2 S 4 

8R 

6R 

I 3 519.2*LSs 

lOR 

lOR 

6 714.0 

5 

2 


Control lines: 

Interfering lines: 

Control lines: 

Control lines: 

’"Co 

3409.2 

’*"Co Cr Cu Fe Mn 

SiPb 2393.8 

SrPb 

2926.8 

Fe 

3558.5 


S-Pb 2577.3 

SsPb 

3240.2 

V 

3556.8 


SsPb 2657.2 


2657.2 

i-Ti 

3786.0 

tFe Mo Ni Sb Ti 

S4Pb 2697.5 

SuPb 

3220.5 

V 

3750.9 


SsPb 2657.2 


3262,4 

JFe 

.5307.4 

tAl Ba Be Ca Co Cr 

SePb 2657.2 

SioPb 

3740.0 






4019.6 



For explanation, of control and interfering line symbols Sf 

3e page 365. 
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TABLE IV (Continued) 

Principal, Lines by Elements 

THORIUM 

Th 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 413.6 


6 

4 069.2 

3 


5 339.9 

. 


2 428.0 


8 

4 085. 1 

3 

7 

5 604.5 

4 i 1 

2 431.7 


7 

4 116.8 

2 

6 

5 639.7 

5 ■ 1 

2 441.3 


9 

4 178.0 

3 


5 707.1 

4 ^ 1 

2 463.7 


7 

4 208.9 

4 

8 

5 749.3 

4 I 1 

2 512.7 


8 

4 381. 9§ 

3 

10 

5 815.4 

4 ' .... 

2 686. 2 


6 

4 391.111 

5 

10 

5 870.5 

4 1 

2 837. 3* 


5 

4 510.6 

4 

5 

5 914.4 

4 i 1 

2 898.9 


6 

4 602.9 

O 

1 

5 989.0 

7 

2 

2 978.7 


8 

4 619.5 

7 

3 

6 015.4 

4 : 1 

3 097.9 


6 

4 740.5 

6 

4 

6 087.3 

5 1 1 

3 108.3 

4 

o 

4 752.4 

6 

4 

6 099.6 

4 ' 1 

3 188.2 

5 

5 

4 761.1 

5 

3 

6 104.8 

4 ; 1 

3 216.6 


8 

4 774.3 

5 

2 

6 112.8 

4 i 1 

3 221.3 

2 

10 

4 818.6 

4 

4 

i 6 120.6 

4 1 1 

3 232.1 

1 

7 

4 832.8 

5 

2 

j 6 261.1 1 

4 

1 

3 290. 6p 


10 

4 863.2 

9 

8 

t 6 274.1 

4 

1 

3 300.5 

1 

10 

4 919.8 

9 

0 

i 6 342.9 

4 


3 313.7 

1 

10 

4 934.2 


1 

i 6 358.6 

4 


3 392.1 

4 

5 

4 987.2 

5 

3 

6 376.9 j 

4 


3 469.9 

4 

a 

5 017.2 

8 

‘ 3 

6 396.4 

4 


3 607.6 


10 

5 028.6 

5 

2 

: 6 411.9 i 

4 


3 511.6 

5 

6 

5 049.8 

7 

3 

6 416.1 

4 


3 538. 8p 

1 

10 

5 068.0 

5 


6 457.3 

4 


3 601. Ip 

3 

7 

5 148.2 

4 

2 

6 462.6 

5 

1 

3 617.1 

4 

5 

5 247.7 

5 

2 

6 531.3 



3 659.1 

3 

6 

5 277.5 

5 

2 

6 584.0 



3 741.2 t 

5 

6 

5 325.1 

4 

2 

6 989.7 


.... 

3 762.6 

4 

C 

5 435.9 

4 

1 

6 993.1 

4 


4 019. IpJ 


10 

5 462.6 

4 

1 

7 054.8 

4 



Control lines: 

Interfeiing lines: 

Control lines; 

Interfering lines: 

=i‘Cr 

3605 . 3 

"‘Al Au Cd Cn Fe IMn Pt Sb 

Mn 4048.8 


Sn 

2863 . 3 

Sn W 

§Cr 4371 . 3 

§.\1 Bi Co Cr Fe 

tFe 

3749 . 5 

tCu Fe Mn Mo Pb Ti 

Fe 4045. S 


Fe 

3787 . 9 


Mo 4277.3 


Pb 

3572.7 


II Pb 4245.2 

iiAl Bi Co 

Ti 

3752.9 


Ti 4427.1 


tCo 

4080.3 

JCo Cr Fe Mn Mo Ni Ti V W 




For explanation of control and interferinE line symbols see pase 3(io. 
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TABLE IV {Continued) 

Principal Lines by Elements 

TIN 

Sn 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 039.5 

4R 


2 495.7 

5R 

4R 

3 262.3p§LB4 

lOR 

6R 

2 072.9 

5R 


2 SdO.GSwNs 

5R 

5R 

3 283.5 


10 

2 096.3 

4R 


2 57I.6S12G3N0 

5R 

5R 

3 330.6SicNi3 

6R 

6 

2 100. S 

4R 


2 594. 4Si 

4R 

3R 

3 352:3 


10 

2 113.9 

4R 

IR 

2 637. OS2 



3 655. OSs 



2 121.2 

3R 


2 658.6 


10 

3 8OI.OS7N9 

9R 

8R 

2 140.6 

3R 

1 

2 661. 3Sj 

5R 

4R 

4 524.7pNio 

6 

10 

2 151.4 

3R 

2 

2 706.5S»Nt 

7R 

7R 

4 585.0 


10 

2 194.5 

3R 

2R 

2 761.8S4G4 



5 332.7 


10 

2 199.3 

3R 

2R 

2 765. OSm 



6 562.7 


10 

2 209.6Se2Ni 

3R 

2R 

2 779.8 

4R 

5 

6 589.4 


10 

2 231.7 

4R 

2 

2 785.0 

3R 

4 

5 731.7 

7 

3 

2 240.1 

3R 

3R 

2 813.6 

5R 

4R 

5 799.4 


10 

2 208.9 

3R 

3R 

2 840.0*LSsN« 

8R 

lOR 

5 970.3 

5 


2 2S2.3S10 

3R 


2 850.6StBi 

6R 

7R 

6 037.7 

5 


2 286.7 

4R 

3R 

2 863.3ptS24N9B2 

8R 

8R 

6 054.9 

5 


2 317.2 

5R 

4R 

2 913.5 

6R 

4 

6 069.0 

7 


2 334. 88u 

4R 

4R 

3 OOO.lpSjiNioBj 

9R 

8R 

6 149.0 

6 


2 354.8S!S6GiN2 

5R 

OR 

3 032.8 

3R 

3 

6 154.6 

6 


2 380.7Sib 

3R 

2 

3 034.1ptSiiNii 

9R 

8R 

6 171.5 

4 


2 408.2 

4R 

3 

3 141.8St7 

4 

4 

6 310.8 

4 


2 421.7Si3G2Nr3 

6R 

8R 

3 175.1pLSioNi* 

lOR 

9R 

G 453.5 

3 

0 

2 429. 5N4 

7R 

8R 

3 2I8.7S1B 

3 

3 

6 579.2 


4 

2 483.4 

5E 

4R 

3 223.7St9 







Control lines: Interfering lines: 

Control lines: 

Interfering lines: 


=^Cr 2835.6 

*A1 Cr Fe Mn Mo Pb 

W 

2896.4 



Ti 3202.5 


tFe 

3047.6 

J.As Au Bi Co Cr K 

fFe 2863.9 

tBi Fe Mn Mo Sb 

V 

3188.5 



As 2780.2 


V 

3187.7 



Cr ; 

2849.8 


§Fe 

3268.2 

§na Cd Fe Mo Pb 

Cr ; 

2865.1 


Cd 2288.0 



Control 

lines: 

Control lines: 


Control lines: 

SiPb 

2614.2 


3466.2 



2399.6 


2562.4 


3610.5 


Cu 

2406.7 

S2Pb 

2614.2 


3614.4 


SiiPb 

2332.5 

Bi 

2627.9 

SyPb 

4057.8 


SiiPb 

2399.6 

SsPb 

2663.2 

SsPb 

2657.2 


SioCd 

3403.7 

S4Pb 

2823.2 

S»Pb 

2717.2 


SnCd 

3403.7 


2873.3 


2628.3 


Bi 

2938.3 


2802 0 

SioPb 

3176.5 



3067.7 

Bi 

2696.8 

Bi 

3067.7 



3024.6 

SaPb 

2833. 1 

SuPb 

3043.9 


SiBCd 

3403.7 


2802 0 


3036.1 



3466.2 


2938 3 

SisPb 

2657.2 



3467.7 


2898 0 


2628.3 


Bi 

3019 

SaPb 

4057 8 


2562.4 



3067.7 

Cd 

3404.7 

SisPb 

2411.8 


SwCd 

3403.7 


3467.7 


2388.8 



3466.2 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 




TIN (CoTitinued) 



Control 

lines: 

Control lines: 

Control lines: 

SiaCd 

3467.7 

G4Pb 

2629 

Cu 

2913.5 

Bi 

3067.7 


2657 

NioSn 

2913.5 

SsoCd 

2288.0 

NiPb 

2218.1 

Pb 

3043.9 

SnBi 

3067.7 

NjSn 

2317.2 


2973.0 

Bi 

2898.0 

Pb 

2399.6 

NiiSn 

2913.5 

Cu 

2938.3 


2388.6 

Pb 

3119.2 

S22Pb 

2218.1 

NsSn 

2880.7 

NwPb 

3119.2 

SaaPb 

2562.4 

Pb 

2411.9 

NisPb 

3119.2 

SiiCu 

2858.3 


2399.6 

Ni..Pb 

3786.2 


2882.8 

NiSn 

2380.7 

NnPb 

5042.7 

Bi 

2938.3 

NsPb 

2562.4 

BiPb 

2802.0 

SaCu 

2356.5 

N.Pb 

2657.2 

B-..CU 

2766.4 

SseBi 

2730.5 

N7Pb 

2657.2 

Pb 

2873.3 


2938.3 


2628.3 

BsCu 

2961.2 

GiPb 

2389 

NsSn 

2850.6 

BiCu 

2766.4 

GsPb 

2412 

NjSn 

2913.5 

Cu 

3274.0 

GaPb 

2629 


2850.6 

Pe 

3268.3 



TITANIUM 




Ti 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

III 2 346.8 


6 

I 2 948.3 

9 

2 

II 3 349. OP 

6R 

8R 

III 2 375.0 


6 

I 2 956. 1 

10 

2 

ir 3 349. 4t 

9R 

lOR 

I 2 384.5 

3 

1 

I 2 967.2 

8 

2 

I 3 354.6 

S 

3 

2 414.0 


10 

III 2 984.8 


10 

II 3 361. 2pt 

SR 

lOR 

I 2 418.4 

3 

1 

II 3 072.1 

8 

3 

1 3 370.4 

9R 

2 

III 2 616.0 


10 

n 3 073.0 

8 

3 

I 3 371.6 

9R 

2 

II 2 525.6 

4 

10 

II 3 075.2 

9 

4 

II 3 372. SL 

10 

lOR 

III 2 527.8 


10 

11 3 078.7 

9 

6 

ir 3 380.3 

7 

10 

III 2 540.0 


10 

II 3 088.0 

10 

lOR 

II 3 383. SBi 

8R 

10 

III 2 563.4 


10 

II 3 162.6 

9 

6 

I 3 386.0 

8R 


I 2 599.9 

6 

2 

II 3 168.5 

9 

10 

ir 3 387. S 

S 

10 

I 2 611.3 

7R 

1 

I 3 186.5 

911 

3 

ir 3 394.6 

2 

10 

I 2 619.9 

5 

1 

II 3 190.9 

7 

10 

II 3 444.3 

4 

10 

I 2 641 . 1 j 

9 

2 

I 3 192.0 

9R 

1 

II 3 452.5 

1 

8 

I 2 644.3 

9 

3 

I 3 199.9 

9R 

3 

II 3 456.4 

2 

9 

I 2 646.6 

9 

2 

II 3 202.5 

6 

10 

II 3 461.5 

9 

10 

I 2 662.0 

5 


H 3 217.1 

8 

s 

II 3 477.2 

9 

10 

I 2 669.6 

6 

2 

II 3 222.8 

7 

8 

II 3 504. S 

7 

10 

I 2 742.3 

7 

4 

11 3 224.2 

5 

8 

II 3 510.9 

8 

10 

n 2 751.7 


8 

II 3 234.5* 

SR 

lOR 

II 3 520.3 

3 

8 

I 2 758.1 1 

6 

1 

II 3 239.0 

7R 

6R 

II 3 535.5 

4 

10 

II 2 805.0 


10 

II 3 242.0 

7 

10 

I 3 635. 5p 

9R 

3 

II 2 810.3 

4 

10 

II 3 248.6 

4 

10 

II 3 641.3 

4 

10 

II 2 817.8 1 


10 

11 3 261.6 

4R 

10 

I 3 642. 7p 

lOR 

3 

II 2 828. 1 1 

3 

8 

II 3 322.9 

SR 

10 

I 3 653. 5p 

lOR 

4 

II 2 841.9 

8 

4 

II 3 329.5 

6 

10 

II 3 659. S 

4 

10 

II 2 884.1 

7 

8 

n 3 332.1 

5 

S 

II 3 662.2 

4 

10 

I 2 912.1 

8 

2 

II 3 335.2 

7 

10 

II 3 6S5,2 

lOE 

10 

I 2 942.0 

1 

9 

4 

I 3 341.9 

6R 

lOR 

II 3 706.2 


8 


For explanation of control and interfering lino symbols sefj page 365. 
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TABLE IV {Continued) 
Pkincipal Lines by P^lements 
TITANIUM {Continued) 


■Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

■Wavelength 

Arc 

Spark 

I 3 729.8 

SR 

4 

I 4 518.0 

9 

4 

I 5 210.4 

SR 

9 

I 3 741.1 

10 

2 

I 4 522.8 

9 

4 

II 5 226.0 

3 

10 

I 3 741.7 

3 

10 

I 4 527.3 

10 

4 

I 5 283.5 

7 

3 

I 3 752.0 

10 

5 

I 4 533.311 

lOR 

5 

I 5 297.3 

7 

3 

II 3 759. 3L 

9 

10 

I 4 534.S*=s= 

911 

4 

11 5 336.8 

3 

10 

II 3 761. 3L 

8 

10 

I 4 535. Ott 

SR 

3 

I 5 477.7 

9 

4 

I 3 882. 9 

9 

3 

I 4 535. 9 

6R 


I 5 488.2 

0 

3 

II 3 900.5 

5 

10 

I 4 536. 1§§ 

GR 

4 

I 5 512.5 

8 

10 

II 3 913.5 

5 

10 

I 4 544.7 

9 

3 

I 5 514.4 

7 

8 

1 3 947.8 

8 

3 

I 4 548.8 

9 

3 

I 5 514,5 

8 

8 

I 3 948.7 

10 

4 

II 4 549.6 

5 

10 

I 5 505 , 5 

7 

8 

I 3 956.3 

10 

4 

I 4 555.5 

9 

3 

I 5 644. 1 

7 

10 

I 3 958. 2 

10 

5 

II 4 563.8 

4 

10 

I 5 662.2 

7 

8 

I 3 962.9 

7 

3 

II 4 572.0 

6 

10 

I 6 602.9 

7 

3 

I 3 904.3 

7 

3 

I 4 023.1 

9 

3 

I 5 675.4 

7 

4 

I 3 989.8 

10 

6 

I 4 056.5 

8 

3 

I 5 689.5 

8 

3 

I 3 998. 6§ 

10 

6 

I 4 667.0 

10 

5 

I 5 702.7 

6 

2 

I 4 009.7 

7 

4 

I 4 6S1.9 

9 

0 

I 5 708.2 

5 

1 

I 4 024.6 

7 

3 

I 4 691.3 

8 

4 

I 5 715.1 

8 

2 

I 4 078.5 

6 

4 

I 4 098.8 

8 

3 

I 5 762.3 

7 

2 

II 4 163.7 

4 

10 

I 4 731.2 

5R 

3 

I 5 706.3 

7 

3 

II 4 171.9 

3 

10 

I 4 758.1 

8 

5 

I 5 806.4 

9 

10 

I 4 274.6 

10 

4 

I 4 759.3 

8 

6 

I 5 899,3 

9 

10 

I 4 282.7 

6 

3 

I 4 820.4 

7 

3 

I 5 918.5 

0 

3 

I 4 287.4 

9 

4 

I 4 840.9 

9 

4 

I 5 922. 1 

7 

4 

I 4 289.1 

10 

4 

I 4 870.1 

7 

3 

I 5 941.8 

7 

4 

II 4 290.2 

4 

10 

I 4 885.1 

8 

5 

I 5 953.2 

8 

10 

I 4 290.9 

8 

2 

I 4 981. 7p 

9 

10 

I 5 965.8 

8 

10 

II 4 294.1 

6 

10 

I 4 991. Ip 

9 

10 

I 5 978.5 

8 

8 

I 4 298.7 

10 

4 

I 4 999. 5p 

10 

10 

I 5 999.7 

6 

2 

II 4 300.1 

6 

8 

I 5 007. 2p 

9 

10 

I 6 085.2 

7 

4 

I 4 300.6 

10 

2 

I 5 014.3 

10 

9 

I 6 091,2 

7 

5 

I 4 301.1 

10 

3 

I 5 020.0 

8 

5 

I 6 120.2 

9 

5 

I 4 305.911 

10 

8 

I 5 022,9 

9 

5 

I 6 215.3 

7 

10 

II 4 307.9 


8 

I 5 024.9 

9 

3 

1 I 6 258.1 

9 

9 

I 4 314.8 

7 

3 

I 5 025.6 

8 

3 

I I 6 258. 7 

9 

9 

II 4 337.9 

5 

10 

I 5 035.9 

7 

9 

I 6 261.1 

9 

9 

II 4 395.0 

7 

10 

I 5 036,5 

9 

8 

I 6 303.8 

6 

3 

I 4 427.1 

8 

4 

I 5 038.4 

9 

8 

I 0 550.1 

6 

5 

I 4 443.8 

6 

10 

I 5 040.0 

9 

3 

I 6 743.2 

5 

3 

11 4 455.3 

10 

4 

I 5 064.7 

10 

5 

I 6 861.2 

5 

1 

I 4 457.4 

9 

5 

I 5 173.7 

7R 

7 

I 7 209.5 

8 


I 4 468.5 

6 

10 

II 5 1SS.7 

4 

10 

I 7 244.9 

5 


11 4 501,3 

5 

10 

I 5 193.0 

SR 

10 

I 7 251.7 

6 


I 4 512.7 

10 

4 








Control lines: 
*Ni 3057.6 
tMn 3330.4 
JMo 3447.1 
|Co 4092.4 
**Ca 4318.6 


Interfering lines: 

*Cr Cu Fc Mn Mo Ni 
+Ca Co Cu Mn Mo Sc Sr 
JCa Co Cr Mo Ni Sc Te 
§Co Fe Ga Mn Mo 
**Ba Bi Ca Cd Co Cr Fe 


Control lines: 
ttCo 4092.4 
Cr 4526.5 
itCr 4326.5 
§§Cr 4526.5 
BiCr 3368. 1 


Interfering lines: 
tt-M Be Co Cr Cu Fe 

J1:A1 Be Co Cr Mn Mo 
H.Vl Be Cr Cu Mn Mo 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 
Principal Lines by Elements 
TUNGSTEN 
W 


Wavelength 

Are. 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 397. Ip 

2 

10 

3 049.7 

6R 

1 

1 5071.7 

. 

10 

2 446.4 

1 

8 

3 077.5 

1 

10 

3 224.7 

10 

10 

2 48S.S 

2 

6 

3 376.1 

1 

10 

5 492.3 

10 

10 

2 571.0 

2 

6 

3 401.9 

1 

s 

5 514.7 

10 

10 

2 572.3 


6 

3 508.7 

6 

5 

5 648. 4 

7 

10 

2 579.3 

1 

5 

3 545.2 

6 

3 

5 735.1 

s 

s 

2 579.6 


7 

3 572.5 

3 

10 

5 804.9 

7 

;-j 

2 589. IpBi 

2 

S 

3 592.4 

3 

10 

5 947.0 

4 

2 

2 65S.0 

2 

s 

3 613. 8p 

3 

10 

6 012. S 

4 

3 

2 702. 1 

1 

10 

3 617.5 

SR 

2 

6 292.1 

4 

2 

2 702,3 

4R 

2 

3 641.4 

4 

10 

6 404.2 

4 

2 

2 764.3 

4R 

8 

3 736.2 

1 

10 

6 445.2 

4 

2 

2 769.0 

4R 

1 

3 868.0 

5 

o 

ij 6 538.2 

! 4 1 


2 760.8 

4R 

1 

4 008. 8Pt 

10 

10 

! 6693.1 

i ^ i 


2 770.9 

4R 

1 

4 074. 4§ 

7 

6 

1 6 820.7 

i i 


2 774.0 

oR 

2 

4 215.4 

3 

S 

1 0 934.3 

: 4 ! 


2 774.5 

oR 

3 

4 294.6p|| 

6R 

9 

6984.3 

i * \ 


2 818.1 

5R 

2 

4 302.1p«I 

8 

5 

7 140.5 

I 3 j 


2 879.1 

oR 

2 

4 484.2 

8 

4 

1 7290.6 

3 ; 


2 879.4 

oR 

2 

4 570.7 

7 

3 

1 7 385.1 

3 ! 


2 896.0 

4R 

2 

4 588.7 

7 

3 

1 7 483.4 

3 1 


2 935.0 

5R 

3 

4 680.5 

8 

3 

! 7 569.9 

3 1 


2 944.4^= 

7R 

3 

4 843.8 

9 

5 

1 7 614. 1 

3 1 


2 947. Ot 

SR 

3 

5 006.2 

S 

10 

7 688.9 

3 i 


3 017.4 

6R 

2 

5 015.3 

8 ! 

S 

1 7784.1 

3 


3 041.9 

5R 

1 

5 053.3 

10 

2 

i 7 940.9 

3 


3 046.4 

5R 

1 





1 i 



Control 

lines: 

Interfering linos: 

Control 

lines: 

Interfering lines: 

=i'Fe 

2912,2 

GJa Co Fc Ga Mn Mo 

ilFe 

4132.1 

::A1 Cr Fe Mn i 

Ga 

4033.0 


Mo 

4292.1 


Ti 

2956.1 


Ti 

4298.7 


tFe 

2936.9 

I Cr ITg Mo 

\- 

4291.8 


Cb 

3225.5 



4226.7 

*:Bi Ca Co Cr 

Mn 

2605.7 


Fe 

4132.1 


JTi 

4024,1) 

tCo Fc Mn Mo Ni 

BiMn 2593.7 



4063 . () 

SCr Cu Fe Mn Mo 





For explanation of control and interfering line symbols see page : 
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TABLE IV (Continued) 

Principal Lines by Elements 

URANIUM 

U 


Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

Wavelength 

Are 

Spark 

2 008.0 


5 

4 731.6 

5 

3 

5 915.4 

8 


3 566.6 

4 

2 

4 756.8 

5 

2 

6 976.3 

5 


3 670.1* 

4 

3 

4 772.7 

4 

3 

5 997.3 

4 


3 831.5 

4 

.3 

4 819.6 

4 

2 

6 051 . 7 

4 


3 859. 6t 

5 

3 

4 899.3 

4 

2 

6 077.3 

4 


3 932.0 

5 

3 

5 027.4 

5 

4 

6 171.9 

4 


3 985.8 

5 

2 

5 280.4 

4 

1 

6 372.5 



4 090.lt 

6 

4 

5 475.7 

5 

3 

6 395.5 

6 


4 156.7 

5 

2 

5 481.2 

5 

3 

6 449.2 

10 

1' 

4 163.7 

5 

2 

5 492.9 

8 

4 

6 465.0 

4 


4 171.6 

5 

3 

5 527.8 

10 

4 

6 826.9 

4 


4 241. 7p§ 

5 

4 

5 564.2 

6 

1 

7 074.8 

4 


4 287.9 

4 

3 

6 610.9 

6 

1 

7 128,9 

4 


4 341.7 

5 

4 

5 621.5 


1 

7 425.6 

3 


4 393.6 

5 

2 

5 669.5 

4 


7 633.9 

5 


4 472.3 

5 

6 

6 723.6 

5 

1 

7 631.7 

3 


4 643.6 

5 

8 

5 758.2 

1 6 


7 784. 1 

6 


4 627. 1 

6 

5 

5 780.6 

4 


7 881.9 

4 


4 646.6 

4 

4 

5 798.5 

4 

1 

7 970.4 

3 


4 689.1 

5 

4 

5 837.7 

4 1 

i 

1 





Control lines: 
‘I'Ti 3771 . 7 
tPe 4071.7 
Fe 3820.4 
Mo 3798.3 
Ni 3510.3 


Interfering lines: 

*Co Pe Hg Li Mn 
fBa Cr Cu Pe 


Control lines : 
tPe 4088.6 
Co 4118.8 
V 4099.8 
§Pb 4168.0 
Pb 4057.8 


Interfering lines: 

$Au Bi Co Cr Fe 


§As Au Ba Ca Co Cr Mg 
Mn Mo Pb 


For explanation of control and interfering line symbols see page 365. 
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TABLE IV {Continued) 

Principal Lines by Elements 

VANADIUM 


V 


Wavelength 

Arc 

Spark 

Wavelength 

Are 

Spark 

Wavelength 

Arc 

Spark 

2 074.5 


IS 

II 3 118. 4p 

lOR 

lOR 

3 787.2 


S 

2 677.8 

7 

4 

II 3 125. 3p 

8 

2 

3 795.0 

8 

3 

2 678.6 

7 

3 

II 3 126.2 

6 

4R 

I 3 813.5 

R 

3 

2 679.4 

8 

4 

II 3 130. 3B, 

5 

lOR 1 

3 815.5 

3 

10 

2 688.0 

10 

SR 

3 134.9 

2 

8 ! 

1 3 818.2 

8 

3 

2 701.0 

8 

SR 

3 136.5 

2 

8 1 

3 847.3 

4 

10 

2 706.2 

8 

3R 

3 139.7 

1 

8 1 

I 3 855.9 

9R 

3 

2 715.7 

10 

5 

I 3 183. 4p 

lOR 

2R 1 

I 3 864.9 

S 

3 

. 2 810.2 

2 

8 

I 3 184. OPt 

lOR 

2R ! 

I 3 875.1 

SR 

2 ■ 

2 882.5 

6 

8 

I 3 185. 4p§ 

lOR 

2R 

3 878.7 

1 

10 

2 884.8 


10 

3 187.7 

5 

8R 

3 902.3 

SR 

2 

2 891. 7L 

10 

6R 

3 188.5 

5 

SR 

I 3 909.9 

6R 


2 892.5 

10 1 


3 190.7 

7 

lOR 

3 914.3 

2 

S 

2 892.7 

10 

SR 

3 198.1 

SR 

2 

3 916.4 

2 

8 

2 893.3 

10 

SR 

I 3 202.4 

SR 

2 

3 952.0 

3 

10 

2 904.1 

8 

1 

3 217.1 

6 

10 

3 973.6 

3 

10 

2 906.1 

8 

4R 

3 237.9 

6 

10 

3 990.6 

10 

6 

II 2 907.5 

8 

3R 

3 254.8 

2 

8 

3 997.1 

3 

8 

2 908.8 

SR 

8R 

3 267.7 

10 

lOR 

3 998.7 

8 

4 

2 910.0 

8 

4R 

3 271.1 

10 

lOR 

4 005.7 

3 

10 

2 910.4 

8 

4R 

3 276.1 

10 

lOR 

4 023.4 

2 

10 

11 2 911.1 

6 

SR 

3 279.8 

3 

10 

4 035.6 

2 

10 

2 914.9 

10 

2 

3 337.9 


8 

I 4 090.6 

10 

10 

2 920.0 

8 

2 

3 457. 1 

2 

10 

I 4 092.7 

10 

3 

II 2 920.4 

8 

3 

3 496.9 

3 

8 

I 4 099.8 

10 

2 

2 923.6 

8R 


3 504.4 

4 

10 

I 4 105.2 

10 

4 

II 2 924. OL 

8 

8R 

3 517.3 

5 

10 

4 lll.Sll 

lOR 

2 

II 2 924.7 

8 

8R 

3 524.7 

3 

8 

I 4 115.2 

10 

i 2 

11 2 930.8 

8 1 

SR 

3 530.8 

6 

10 

I 4 116.5 

S 

7 

II 2 941.4 

3 

lOR 

3 545.2 

6 

10 

I 4 116.7 

lOR 

7 

2 942.4 

lOR 

2 

3 556.8 

4 

10 

I 4 128.1 

10 

10 

2 943.2 

8 

1 

3 566.2 

3 

8 

I 4 132.0 

lOR 

10 

II 2 944.6 

2 

8R 

3 589.8 

5 

10 

I 4 134.5 

9 

10 

II 2 952.1 

8 

SR 

3 592.0 

5 

10 

4 183.4 

2 

10 

2 955.8 

8 


3 593.3 

5 

10 

4 202.4 

1 

8 

II 2 957.5 

8 

6 

3 619.0 

1 

S 

4 205.1 

2 

10 

2 968.4 

S i 

lOR 

3 667.7 

8 

3 

I 4 209.9 

6 

8 

2 974.2 

s 

1 

3 669.4 

1 

8 

4 268.6 

S 

8 

2 976.2 

8 

2 

I 3 688.1 

8 

3 

4 271.6 

G 

S 

2 977.6 

8 

1 

I 3 690.3 

8 

4 

4 277.0 

6 

8 

3 001.2 

3 

8R 

I 3 692.2 

S 

4 

4 284.1 

7 

10 

3 044.9 

4R 

1 

3 695.9 

8 

3 

I 4 330.0 

6 

10 

3 050.9 

3R 

3 

3 700.3 

1 

8 

I 4 332. S 

S 

10 

3 056.4 

3R 

2 

I 3 703.6 

8 

3 

I 4 341.0 

9 

10 

3 060.5 

3R 


3 715.5 

6 

10 

I 4 352.9 

10 

6 

3 066,4 

4R 

IR 

3 727.5 


10 

I 4 379. 2ir 

lOR 

lOR 

II 3 093.1P*LBi 

4 

lOR 

3 732.8 

5 

10 

I 4 384.7** 

lOR 

lOR 

II 3 102. 3pt 

10 

lOR 

3 745.8 

3 

10 

I 4 390. Ott 

lOR 

lOR 

II 3 110.7P 

8 

lOR 

3 771.0 

3 

10 

j I 4 395.2 

10 

10 


For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV {Continued) 
Pkincifal Lines by Elements 
VANADIUM {Continued) 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

I 4 400.6 

9 

10 

I 4 619.7 

8 

9 

I 6 039.7 

10 

10 

I 4 406.7 

SR 

oR 

4 776.5 

6 

9 

I 6 081.5 

10 

6 

I 4 407.7 

8R 

4R 

I 4 786.5 

6 

8 

I 6 090.2 

lOR 

10 

I 4 408.2 

OR 

1 

I 4 796.9 

7 

8 

I 6 111.7 

10 

9 

I 4 408. 5tt 

OR 

lOR 

I 4 807.6 

10 

8 

I 6 119.5 

lOR 

8 

4 416.0 


10 

I 4 851.5 

9 

8 

6 199.2 

8 

S 

I 4 421.0 

8 

5 

I 4 864.8 

lOR 

9 

I 6 216.4 

8 

10 

I 4 437.8 

8 

6 

I 4 875.5 

lOR 

10 

I 0 230.8 

10 

9 

I 4 441.7 

7 

8 

I 4 881.6 

lOR 

10 

I 6 242.9 

4 

10 

I 4 444.2 

8 

8 

5 128.5 

8 

9 

I 6 243 . 1 

9 

4 

4 452.0 

8 

10 

5 138.4 

G 

10 

I 0 251.8 

9 

8 

I 4 460.3 

lOR 

lOR 

5 104.9 

4 

8 

I 6 268.9 

5 


4 462.4 

9 

9 

5 402.0 

7 

8 

I 0 274.7 

rj 

' 8 

4 469.7 

8 

8 

5 415.3 

10 

8 

I 0 285,2 

!) 

7 

4 488.9 

8 

10 

5 507.8 

5 

8 

I 0 292.8 

9 

7 

4 645.4 

9 

8 

I 5 627.7 

8 

9 

I 6 296.0 

10 

6 

4 549.7 1 

6 

8 

5 670.0 

9 

8 

6 326.9 

5 

4 

4 560.7 

7 

9 

I 5 698.5 

lOR 

10 

I 6 452.4 

4 


4 571.8 

6 

10 

I 5 703.6 

lOR : 

10 

I 6 504.2 

4 

4 

I 4 577.2 

8 

S 

I 5 707.0 

8R 

9 

I 6 531.4 

10 

6 

I 4 580.4 

8 

9 

I 5 727.0 

lOR 

10 

6 753.0 

4 


I 4 586.4 

8 

9 

5 731.3 

8 

5 

7 338.9 

4 


I 4 694.1 

lOR 

10 

I 5 737.1 

7 

7 





Control lines: 


»i>Al 3961.5 
Fe 3222.1 
Mg 3096.9 
1-Fe 3057.5 
ISTi 3050,5 
Ti 3106.2 
3706.0 
Cr 3120.4 
Ti 3199.9 


§Ti 3199,9 


Interfering lines: 

•I'AI Au Bi Fe Mg 


tCo K Ni W 


JAg Ba Ni Ti W 


§Mo P 


Control lines: 

II Co 4092.4 
•IFe 4045.8 
Mo 4277.3 
**Cr 4371.3 
Fe 4045.8 
Mo 4277.3 
ttPb 4245.2 
W 4372.6 
tJFe 4383.5 
Mo 4381.7 


Interfering lines: 

II Ba Co Cr Fe Mn Mo 
fAl Bi Cd Co Cr Cu 

'i'^Al Bi Co Cr Fe Mo 


tfAl Bi Co Cr Mn Mo 
$tAl Ba Be Co Cr Cs Fe 


For explanation of control and interfering line symbols see i)age 365. 
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431 


TABLE IV {Continued) 

Pkincipal Lines by Elements 

YTTERBIUM 

Yb 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

iSpark 

Wavelength 

Arc Spark 

2 464.5 

lOR 


3 192.9 

3 

8 

4 ISO.S 

10 ! 5 

2 642.5 

1 

8 

3 289. 4p 

10 

10 

4 439.2 

8 1 2 

2 750.5 

5 

10 

3 337.2 

8 

2 

4 576.2 

10 3 

2 851.2 

4 

10 

3 343.0 

10 

5 

4 726.1 

8 1 10 

2 914.2 

2 

10 

3 362.6 

10 

4 

4 781. 9 

8 ! 

2 919.4 

4 

10 

3 441.5 

10 

3 

4 786.6 

10 1 10 

2 994.8 

3 

8 

3 454.1 

5 

10 

4 935.6 

10 : 

3 005.8 

5 

10 

3 464.3 

10 

5 

5 335.1 

0 i 1 

3 009.4 

3 

8 

3 476.3 

8 

4 

5 482.0 

Is : — 

3 017.6 

3 

10 

3 478.8 

8 

10 

5 539.1 

; 10 I 

3 029.6 


10 

3 520.2 

4 

10 

5 556 . 5 

1 10 1 1 

3 031 . 1 

10 

5 

3 560.3 

8 

3 

5 652.0 

0 i 

3 065.0 

4 

10 

3 560.7 

8 

5 

5 720.0 

10 ; 

3 107.9 

10 

lOR 

3 619.8 

5 

8 

5 837.1 

l 8 ; 

3 117.8 

4 

10 

3 694. 2p 

10 

10 

6 4S9.1 

i 10 , 1 

3 126.1 


10 

3 770.1 

7 

3 

6 667.9 

i 10 

3 140.9 

4 

10 

3 988. Op 

10 

10 

6 799.7 

■10 

3 153.9 

3 

10 

4 135.1 

4 

8 

7 699.5 

; 10 1 

3 169.1 

3 

8 







For explanation of control and interfering line symbols see page 365. 
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TABLES AND CHARTS 


TABLE IV (Continued) 

Principal Lines by Elements 

YTTRIUM 

Y 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 367.2 


10 

II 4 177.5 

10 

10 

5 581.9 

5R 

2 

2 414.7 


10 

II 4 235.7 

S 

5 

5 630.1 

6R 

2 

2 422.2 

4 

8 

4 302.3 

10 

3 

5 663.0 

7R 

10 

2 817.0 

1 

10 

II 4 309.6 

10 

10 

5 706.7 

4R 

2 

2 946.0 


10 

4 348.8 

9 

3 

II 5 728.9 

4 

2 

3 129.9 

3 

8 

II 4 358.7 

7 

10 

II 5 781.7 

4 

2 

3 173.1 

4 

10 

II 4 375. 0§ 

10 

10 

5 945.7 

4 

1 

ri 3 195.6 

8 

10 

II 4 398.0 

8 

10 

6 009.2 

5 

3 

II 3 200.3 

7 

10 

II 4 422.6 

10 

10 

I 6 023.4 

4 

2 

II 3 203.3 

7 

10 

4 506.0 

8 

3 

I 6 138.5 

4 

2 

II 3 216.7 

10 

10 

4 527.3 

8 

5 

I 6 191.7 

7 

4 

II 3 242.3 

10 

10 

I 4 643. 7pF 

8 

5 

I 6 222.6 

6 

2 

H 3 327.9 

10 

10 

I 4 674. 8PF 

8 

5 

I 6 435.0 

8 

8 

3 362.0 

5 

10 

II 4 682.3 

5 

10 

6 538.6 

4 

2 

3 496.1 

9 

10 

4 732. 4F 

3 

3 

II 6 613.8 

5 

3 

3 549.0 

10 

10 

II 4 823.3 

4 

10 

6 664,4 

4 


3 584.5 

4 

10 

4 839. 9P 

9 

10 

I 6 687.6 

5 

1 

I 3 592.9 

8 

4 

II 4 854.9 

10 

10 

6 700.7 

4 

1 

II 3 600.7* 

10 

10 

4 859. 8F 

6 

i 3 

6 736.0 

4 


II 3 611.1 

10 

10 

II 4 883.7 

10 

10 

I 6 793.7 

4 

1 

I 3 668.5 

3 

10 

II 4 900.1 

10 

10 

II 6 795.4 

4 

1 

3 710. 3t 

10 

10 

II 5 087.4 

10 

10 

6 845.2 

4 


II 3 747.6 

6 

10 

II 5 123.2 

6 

4 

6 887.2 

4 


II 3 774. 3p$ 

10 

10 

II 5 200.4 

10 

10 

6 950.3 

4 


II 3 788. 7p 

9 

10 

II 5 205.7 

10 

10 

II 6 951.7 

4 


II 3 950.4 

10 

10 

II 5 402.8 

5 

8 

6 979.9 

4 


II 3 982,6 

10 

10 

5 466.5 

10 

3 

7 191.7 

3 


I 4 047.7 

7 

4 

II 5 497.4 

5 

8 

II 7 264.2 

4 


I 4 102.4 

9R 

8 

5 503.5 

8 

2 

7 346.3 

4 


I 4 128.3 

8R 

8 

II 5 509.9 

9 

4 

II 7 450.2 

4 


I 4 142.9 

8R 

8 

II 5 521.6 

OR 

3 

II 7 881,7 

2 


I 4 167.5 

8 

4 

5 527.6 

6R 

3 


i 



Control lines: 
*Co 3594.9 
Cr 3595.6 
tCa 3736.9 
Fe 3767.2 
JTi 3786.1 


Interfering lines: 

*A1 Co Cu Mo 

tCo Cr Fc Mg Mo 

JCo Mg Mn Ti 


Control lines: 
V 3750.9 
§Cr 4337.6 
Mo 4377.8 
Fe 4337.1 


Interfering lines: 

§A1 Cd Co Cr Cu Fc 


For explanation of control and interfering line symbols sec page 3C5. 
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TABLE IV (Continued) 

Principal Lines by Elements 

ZINC 

Zn 


Wavelength 

Are Spark] 

Wavelength 

Arc ;Spark{ Wavelength 

Arc Spark 

II 2 025. 5P 

2R 

I 3 072.1 

lOR 

10 I 

5 775.6 


II 2 061.9pSi 

4R 

I 3 075.9Sfi 

8R 

I 

5 777.1 


II 2 100.0 

6 

I 3 282.3pSJ 

8R 

II 

5 894.4 

10 

12 I 38 . 5 PS 5 N 1 

3R 2R 

I 3 302.6p*S8N3 

8R 

II 

6 021.3 

10 

2 246.8 

4 .... 

I 3 302 . 9 S 9 N 4 

8R 

II 

6 102.5 

! 10 

2 393.8 

1 

I 3 340. up 

lOR 

II 

6 111.6 

10 

I 2 491.5 

1 

I 3 345 . 6 S 11 

8r1 

II 

6 214.7 

10 

II 2 502,083 

10 

I 3 345.9 


I 

6 237.9 


II 2 558 .OS 4 N 2 

8 10 

11 3 806.4 


I 

6 239.2 


I 2 569.9 

6R 1 

II 3 840.3 


I 

6 362.4 

10 

I 2 582.5 

8R' 

4 057.9 

6 

I 

6 479.0 


I 2 608.6 

8Ri 

I 4 629.8 

8 

II 

6 483.0 

10 

I 2 670.6 

4 

I 4 680. iSu 

lOR 

1 I 

6 928.4 


I 2 684.2 


I 4 722.2 

lOR 

i I 

6 938.5 


I 2 712.5 


I 4 810. 5Ni 

lOR 

, I 

6 943.4 


I 2 756.5 

6R 

II 4 911.6 

10 


7 026.1 


I 2 770.9 

8R 

II 4 924.0 

10 


7 264.2 


I 2 771.0 

6R 

I 5 308.6 



7 338.9 


I 2 800.0 

8R 

I 5 310.2 


II 

7 478.7 

10 

I 2 800.8 

7R 10 

I 5 310.9 


II 

7 588.6 

10 

I 3 018.4 

6 

I 5 772.2 


11 

7 799.1 



I 3 035. 8 S 5 lOR 


Control lines: 

Interfering lines: 

Control lines: Interfering lines: 

■*Fe. 

3407.5 

=i=Cr Na Pt Sr 

tMo 

3358.1 tGa Hg Mn Mo 

Pt 

3042.6 


Ti 

3239.0 

Control lines: 


Control lines: 

Control lines: 

SiPb 

2052,0 


SsPb 3220.5 

2159.6 

SiPb 

2175,6 


3262.4 

2111.8 

SjPb 

2388,8 


2657.2 

NsPb 2562.4 

S^Pb 

2628.3 


SjoPb 3220.5 

NsSn 3352.3 

SsPb 

2980.3 


3262.4 

2175.0 


2926.8 


SuPb 3220.5 

N4Pb 3119.2 

SoPb 

3119.1 


SiaPb 5043.1 

N,Sn 3330.6 

SrPb 

3220.5 


NiPb 2190.0 

Pb 3220.5 

SsPb 

3220.5 


2187.9 

NsPb 5005,5 


3362.4 


2176.5 



2657.2 





For explanation of eoatrol and interfering line symbols see page 365, 
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TABLES AND CHARTS 


TAJ3LE IV (Conliniwd) 

Principal Lines by Elp:ments 

ZIRCONIUM 

Zr 


Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

Wavelength 

Arc 

Spark 

2 449.8 

4 

3 

II 3 572., 5p 

10 

10 

I 4 739. op 

9 


2 568.9 

5 

6 

II 3 576.9 

7 

10 

I 4 772. 3p 

S 

4 

2 571.4 

6 

8^ 

3 611.9 

4 

8 

I 4 815. Gp 

6 

3 

2 678,6 

5 

o 

II 3 614.8 

6 

10 

4 909.6 

6 


2 734.8 

5 

5 

II 3 674.7 

6 

10 

4 959.4 



2 752.2 

4 

3 

3 698.2 

6 

10 

5 046,6 

5 

1 

2 844.6 

4 

4 

3 709.3 

6 

10 

5 064.9 


1 

2 876,0 

4 


3 751.6 

6 

10 

5 155.4 

4 

1 

2 969,0 

6 

3 

3 796.5 

3 

s 

5 191.6 

4 


2 985.4 

4 

1 

II 3 836.0 

7 

2 

5 311.4 


1 

3 011.7 

5 

1 

I 3 890.3 

7 

4 

5 385.1 

7 

1 

3 029.5 

6 

1 

3 915.9 

5 

10 

5 502.1 

6 

1 

3 106.6 

6 

4 

II 3 9,58.2 

8 

10 

5 ,528.4 

5 

1 

I 3 182.9 

7 

5 

3 991.1 

9 

10 

5 620,1 

6 

1 

II 3 273.1 

8 

9 

II 3 999.0 

9 

10 

I 5 680.9 

6 

1 

II 3 279,3 

8 

4 

4 048.7 

7 

9 

5 879. S 

8 

1 

3 284,7 

8 

4 

I 4 081,2 

9 

5 

I 6 127.4 

7 

1 

3 356. 1 

8 

4 

4 149.2 

10 

10 

I 6 143.2 

7 

1 

II 3 357.3 

8 

4 

4 156.2 

8 

9 

6 299.6 

7 

1 

II 3 392. OP^' 

10 

10 

4 161.2 

7 

8 

6 313.0 

7 

1 

II 3 430.5 

7 

9 

I 4 227.8 

8 

4 

6 470.2 

6 

1 

II 3 438. 2pt 

10 

10 

I 4 282.2 

6 

6 

6 489.8 

6 

1 

3 463.0 

4 

10 

4 347.9 

7 

3 

6 769.1 

6 


3 479,4 

7 

9 

4 379.8 

8 

10 

6 847.0 

4 


3 481.2 

8 

10 

4 443.0 

6 

9 

6 953.8 

5 


II 3 496. 2p$ 

10 

10 

I 4 535.8 

8 

3 

6 990.8 

5 


3 .505,5 

4 

s 

4 ,575.5 

7 

3 

I 7 097.7 

4 


113,505.7 

5 

8 

4 0,34.0 

7 

2 

I 7 169.1 

6 


I3519,6P 

,S 

3 

I 4 687. 8p 

10 

5 

7 280.3 

4 


3,542.6 

5 

10 

4 688.5 

7 

4 

7 318 2 

3 


II 3 ,5,56.6 

9 

10 

I 4 710. Ip 

10 

1 






>ntrol lines: 
*Co 3409.2 
Ni 3380,6 
Ti 33S7.8 
tFe 3,581.2 
Mn 2933,1 


liiterferins lines; 

Fc Hg Mo Ni 


tCo Fe Mo Ni V 


Control lines; 
Ni 3446.3 
JBa 4130.6 
Ba 41G6.0 
Co 3409.2 
Fe 3,558.5 


Interfering lines: 
JCii Co Cla M 


For explanation of control and interfering line symbols see page 3(>o. 



SPARK SPECTRUM OF AIR 


4oo 


TABLE Y 

Spark Spectrum op Air 


{A41, A36, A^J) 


Wavelength 

In- 

tensity 

Ele- 

Wavelength 

In- 

tensity 

Ele- 

ment 

i 

i Wavelength 

In- 
tensity ; 

Ele- 

ment 

2 287.9 

1 


3 577.2 

1 


4 093.00 


0 

2 318.0 

1 

O 

3 589.0 

1 

— 

j 4 097.3 

3 

X 

2 382.1 

2 

— 

3 594.6 

1 

— 

4 103.3 

o 

X 

2 395. C2 

1 

— 

3 609. 8 

1 

— 

i 4 105.00 

3 

o 

2 399.4 

1 

— 

3 639.6 

3 

— 

j 4 110.84 

‘> 

o 

2 404.9 

2 

— 

3 702.9 

1 

— 

! 4 112.09 

1 

o 

2 406.9 

1 

— 

3 707.3 

1 

O 

i 4 114.0 

0 

(t 

2 433.6 

1 

o 

3 709.2 

1 

o 

4 119*. 3 

4 

o 

2 445.5 

1 

o 

3 712.7 

2 

o 

4 120.5 

2 

<) 

2 507.2 

2 

— 

3 727.34 

4 

o 

i 4 121.5 

2 

<) 

2 514.5 

1 

— 

3 729.3 

1 

N 

! 4 124 . 1 

2 

o 

2 599.5 

2 

— 

3 749.51 

5 

0 

4 129.5 

1 

o 

2 739.. 8 

1 

— 

3 754.5 

1 

o 

4 132,88 

2 

o 

2 746.7 

1 

— 

3 759. S 

1 

o 

4 133.70 

2 

X 

2 749.0 

1 

— 

3 770.9 

1 

N 

4 142.2 

1 

o 

2 755.9 

2 

— 

3 804.0 

1 

o 

4 143.7 

1 

0 

2 795.5 

1 

— 

3 830.7 

1 

N 

4 145.90 

3 

X 

2 S5S.3 

1 

— 

3 839.1 

2 

N 

4 153.5 

3 

0 

2 927.5 

1 

— 

3 842.8 

1 

N 

4 169.36 

1 i 

o 

3 007.0 

1 

o 

3 845.1 

O 

N 

4 176.2 

2 

X 

3 047.0 

1 

— 

3 848.04 

1 

O 

4 185.3 

4 

o 

3 059.15 

2 

— 

3 850.6 

1 

N 

4 189. S 

0 i 

(.) 

3 130.1 

1 

— 

3 851.2 

1 

O 

4 199.3 

0 

X 

3 135.3 

1 

o 

3 856.7 

1 

X 

4 206.7 

2 

X 

3 139.3 

2 

o 

3 864.6 

1 

0 

4 211.1 

1 

X 

3 15S.7 

1 

— 

3 SS2.3 

2 

o 

4 223.3 

1 j 

X 

3 265.2 

1 

o 

3 893.3 

1 

N 

4 228.0 

2 

X 

3 288.9 

1 

— 

3 907.6 

1 


4 236. S 

3 

X 

3 301.9 

1 

— 

3 909.1 

1 

N 

4 241.75 1 

2 

X 

3 312.5 

1 

o 

3 912.1 

3 

O 

4 253.7 i 

2 

o 

3 318.8 

1 

— 

3 919.10 

6 

N 

4 266.4 ! 

2 

X 

3 320.7 

2 

o 

3 940.2 

1 

N 

I 4 275.9 i 

1 

X 

3 325.0 

1 

o 

3 945.1 

1 

o 

' 4 303.7 ! 

1 

t) 

3 329.5 

2 

N 

3 947.45 

1 

O 

4 317.11 

3 

t) 

3 331.8 

2 

N 

3 954.4 

1 

o 

4 319.62 

3 

(.1 

3 344.8 

1 

— 

3 955.9 

4 

N 

4 325.7 

1 

() 

3 354.08 

1 

o 

3 973.30 

4 

o 

4 327.5 

1 

(.) 

3 365.8 

1 

N 

3 982.76 

2 

o 

4 32S.5 

1 

(.) 

3 367.3 

1 

N 

3 995.1 

10 

N 1 

4 331.04 

1 

X 

3 370.9 

1 

N 

4 014.0 

1 

o ! 

4 331,9 

1 

<) 

3 374.0 

2 

N 

4 025.7 

1 i 

N 1 

4 336.8 

2 


3 377.2 

2 

O 

4 034.9 

- 1 

N 

4 345.54 

3 ! 

(> 

3 390.3 

2 

O 

4 041.3 

3 ; 

N 1 

j 4 347.44 

2 

<) 

3 408.3 

2 

o 

4 057.8 

1 i 

N j 

4 348.0 ! 

2 

X 

3 437.32 

3 

N 

4 063.2 

: 1 ! 

N i 

! 4 349.40 1 

4 

<> 

3 450.9 

1 


4 069 . 90 


O 1 

i 4 351.3 

2 

o 

3 471.2 

2 

— 

4 072.25 

s ' 

i 

j 4 361.6 1 

L) 

X' 

3 491.9 

2 

1 

4 075.93 

i 8 1 


:| 4 366. S7 

3 

< > 

3 514.8 

1 

' — 

; 4 07S.9 

1 - 

i 

4 369.2 

1 


3 560 . 6 

1 

i — 

j 4 085.20 

2 ■ 

(> 

‘ 4 371 .4 

1 

.X' 

3 570.3 

1 

i — 

i 4 089.1 

1 

U ! 

!; 4 379.6 

1 

X 
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TABLES AND CHARTS 


TABLE V (Cordinned) 
Spark Spectrum of Air 
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TABLE VI 

Principal Lines by Elements {Discharge Spectrum) 
+ indicates secondary standards {see Neon) 

{AJfi, AS6, ASS) 

ARGON 

A 


Wavelength 

Geissler Tube 

1 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

2 515. 5B 

8 

3 729. 3B 

9 

4 259.4 

9 

2 516. 7B 

8 

3 850. 6B 

9 

4 266.3 ’ 

8 

2 647. 5B 

8 

3 928. 6B 

8 

I 4 272.2 

8 

2 708. 3B 

8 

I 4 044.4 

8 

4 277. 5B 

8 

2 744. 8B 

8 

4 104. OB 

9 

I 4 300.1 

S 

2 753. SB 

8 

I 4 158. G 

9 

4 348. OB 

10 

3 491. GB 

8 

1 4 191.0 

8 

4 426. OB 

8 

3 576. 7B 

S 

I 4 198.3 

8 

I 4 510.7 

S 

3 588. 5B 

9 

I 4 200.7 

9 

4 806. OB 

8 


BROMINE 

Br 


Wayelength 

Geissler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

3 891.6 

S 

4 472.6 

8 

4 767. 1 

8 

3 914.3 

10 

4 477.8 

10 

4 785. 5p 

10 

3 924.1 

8 

4 525.6 

8 

4 816. 7p 

8 

3 955.4 

8 

4 542.9 

8 

5 238.3 

8 

3 980.4 

10 

4 622.7 

8 

5 332.0 

10 

3 986.5 

8 

4 678.7 

8 

5 589.9 

8 

4 179.6 

8 

4 704.8 

10 

6 149.7 

10 

4 365.6 

8 

4 719,8 

8 

6 350. S 

10 

4 441.7 

8 

4 742,7 

8 




CHLORINE 

Cl 


Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

2 580.7 

8 

3 845.4 

8 

4 343.7 

10 

2 617.0 

8 

3 845.7 

8 

4 363.3 

S 

3 320.5 

8 

3 851.0 

10 

4 379.9 

S 

3 329.0 

8 

3 851.5 

8 

4 389.8 

8 

3 340.3 

8 

3 861.0 

10 

4 794. 5p 

10 

3 392.8 

S 

4 241.3 

8 

4 810. Op 

9 

3 833.4 

8 

4 253.4 

9 

4 819. 4p 

9 
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TABLES AND CHARTS 


TABLE Vr iCatdintied) 

Principal IjINEs by Elements {Discharge Spectrum) 

FLUORINE 

F 


Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

3 501.9 

S 

4 103.4 

10 

I 6 834,3 

8 

3 503.3 

9 

4 246.3 

10 

I 6 856. Ip 

10 

3 505,8 

10 

4 299. 1 

8 

I 6 902. 5p 

9 

4 025.1 

10 

4 446.8 

10 

I 7 037.0 

9 


HELIUM 

He 


Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

I 2 385.4 

3 

I 3 187.7 

8 

I 4 471.5 

6 

I 2 511,2 

5 

I 3 203.2 

8 

r 5 875. 6p 

10 

I 2 733.2 

7 

I 3 888. 7P 

10 

I 6 078.2 

0 

I 2 945.1 

6 

I 4 026.2 


I 7 065,2 

5 


HYDROGEN 

H 


Wavelength 


4 031, f) 

4 034.0 
4 861. 3p 

4 928.7 

5 812.6 
5 975.4 


Geissler Tube 


9 

9 

9 

9 

9 


Wavelength 


0 01S.3 
0 031.9 
6 079.8 
6 121.8 
6 135.4 
6 224.8 


Geissler Tube 


9 

10 

9 

10 

8 

9 


Wavelength 


0 327.0 
6 502 . 9p 
6 935.8 

6 940.4 
0 902. G 

7 072.0 


Gcisslei- Tube 


10 

10 

10 

10 
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TABLE VI {Continued) 

Principal Lines by Elements (Discharge Spectrum) 

IODINE 

I 


Wavelength 

Geissler Tube 

W.nvelength 

Geissler Tube 

Wavelength 

Geissler Tube 

2 062. Ip 

10 

4 434.3 

10 

5 269.4 

10 

3 194.0 

S 

4 453.0 

10 

5 309.0 

s 

3 275.0 

10 

4 512. G 

8 

5 338. 2 

10 

3 288.3 

10 

4 528. 1 

8 

5 345,1 

10 

3 303.0 

10 

4 574.3 

10 

5 309.7 

10 

3 342.5 

8 

4 632.4 

10 

5 405.3 

10 

3 350.1 

8 

4 840.8 

10 

5 407.3 

10 

3 461.0 

8 

4 606.5 

10 

5 435.7 

10 

3 481.8 

S 

4 675.0 

10 

5 437.9 

8 

3 498.0 

8 

4 708.0 

8 

5 464. 7p 

10 

3 661.2 

8 

4 730.5 . 

8 

5 491.5 

8 

3 583.3 

8 

4 763.4 

10 

i 5 493.3 1 

8 

3 686.6 

S 

4 806.5 

8 

! 5 496,9 

10 

3 6'8S.3 

S 

4 850.4 

10 1 

o 62.5.7 

10 

3 724.9 

S 

4 862.3 

10 1 

5 678. 1 

10 

3 741.9 

8 

4 896.7 

10 

5 690.8 : 

10 

3 SOS. 2 

10 

4 916.9 

10 

5 710.4 1 

10 

3 897.4 

10 

4 987.0 

10 

5 738.5 i 

10 

3 931.1 

10 

5 119.3 

10 

5 739.5 i 

10 

3 940.1 

10 

5 161. 2p 

10 

5 774.8 

10 

4 128.7 

10 

5 204.1 

10 

5 893.8 

s 

4 221.1 

10 

5 216.2 

10 

5 950.1 

10 

4 342.1 

s 

5 234.6 

10 

6 0S2.3 

10 

4 399.0 

8 

5 245.6 

10 

6 127.4 

8 

4 410,1 

10 

3 265.2 

10 





440 


TABLES AND CHARTS 


TABLE VI {Continued) 

Principal. Lines by Elements {Discharge Spectrum) 

KRYPTON 

Kr 


Wavelength 


2 282. S 
2 287.7 
2 301.0 
2 311.9 
2 314.1 
2 315.4 
2 316.2 
2 329.2 
2 344.5 
2 359.9 
2 362.9 
2 371.5 
2 375.0 
2 394.0 
2 398.3 
2 413.9 
2 415.0 
2 418.2 
2 420.2 
2 426.4 
2 428.3 


Geissler Tube 


10 

10 

8 

S 

8 

9 

10 

8 

8 

10 

8 

8 

10 

8 

10 

9 

9 

10 

10 

9 

10 


Wavelength 


2 456.1 
2 457.7 
2 464.8 
2 506.6 

2 712.4 

3 207.8 
3 245.7 
3 264.8 
3 320.3 
3 325.7 
3 488.6 
3 507.4 
3 607.9 
3 631.9 
3 654.0 
3 669.0 
3 718.0 
3 718.0 
3 741.7 
3 744.8 
3 778.1 


Geissler Tube 


8 

8 

8 

9 

8 

8 

10 

8 

10 

9 

8 

9 

9 

10 

10 

9 

10 

8 

10 

9 

10 


Wavelength 


3 783.2 
3 906.2 

3 920.4 

4 057.0 
4 065.1 
4 088.4 
4 274.0 
4 318. G 
4 319.6 
4 355.5 
4 362,6 
4 376,1 
4 453,9 
4 463,7 
4 502.2 
4 624.3 

4 671.2 

5 570. 3p 
5 870. 9p 
7 587.4 
7 601.6 


Geissler Tube 


10 

8 

8 

8 

8 

8 

10 

8 

10 

10 

9 

10 

10 

10 

9 

10 

10 

10 

10 

10 

10 


NEON 


Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

2 647.4 

8 

5 037.7 

8 

+ 0 074.338 

9 

3 369.8 

8 

5 144.9 

8 

+6 096.103 

8 

3 417.9 

8 

5 145.0 

8 

+6 163.594 

8 

3 472. 6 

S 

5 330.8 

10 

6 217.3 

9 

3 520.5 

10 

5 341.1 

10 

+ 6 266.495 

10 

3 56S.7 

8 

5 343.3 

9 

+ 6 304.789 

5 

3 593.5 

8 

5 358.0 

10 

+•6 334.428 

9 

3 694,4 

9 

+ 5 400.562P 

10 

+ 6 382.991 

10 

3 713.3 

9 

5 562. S 

8 

6 402. 3p 

10 

4 537.8 

10 

5 656.7 

8 

+ 0 500.528 

10 

4 540.4 

8 

5 719.2 

9 

+ 6 532.883 

5 

4 575.9 

10 

5 748.3 

9 

+ 0 598.953 

8 

4 704.4 

10 

5 764.4 

9 

6 678.3 

8 

4 708.9 

10 

5 804.5 

9 

+ 6 717.043 

5 

4 710.1 

8 

5 820.2 

9 

6 929.466 

0 

4 712.1 

S 

+ 5 852.488 

10 

+ 7 032.411 

6 

4 715.3 

10 

5 872.8 

9 

+ 7 173.938 

10 

4 752.7 

S 

+5 881.895 

10 

+ 7 245. 165 

10 

4 788.9 

10 

+5 944.834 

9 

7 438.9 

8 

4 790,2 

S 

5 965.4 

10 

+ 7 535.784 

8 

4 884.9 

8 

5 974.6 

9 

7 544. 1 

8 

4 957.0 

S 

+ 5 975.534 

8 

7 943,2 

s 

5 005.2 

s 

+6 029.997 

9 
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TABLE VI {Continued) 

Principal Lines by Elements {Discharge Spectrum) 

XENON 

Xe 


Wavelength 

Geisaler Tube 

Wavelength 

Geissler Tube 

Wavelength 

Geissler Tube 

2 475. 9 

10 

4 193.5 

8 

4 624. 3p 

9 

2 605.6 

10 

4 238.2 

10 

4 671. 2p 

10 

2 677.2 

8 

4 245.4 

10 

4 734.2 

8 

3 285.8 

8 

4 330.5 

10 

4844.3 

10 

3 624.1 

8 

4 393.2 

10 

4 862.5 

s 

3 781.0 

10 

4 395.7 

10 

5 292.2 

10 

3 877.8 

8 

4 448.1 

10 

5 314.0 

8 

3 922.5 

10 

4 462.2 

10 

5 339.4 

9 

3 950.6 

8 

4 501. Op 

8 

5 372.4 

8 

3 951.0 

10 

4 640.9 

8 

5 419.2 

10 

4 078.8 

10 

4 545.2 

8 

5 439.0 

S 

4 180.0 

10 

4 585.6 

10 

6 557.0 

10 

4 193.1 

8 

4 603.0 

10 




TABLE VII 

Fraunhofer Lines in the Sun's Spectrum 

{A58, A40, A36, AeS) 

Wavelengths of the Fraunhofer Lines 


Line 

Due to 

Wavelength 

Line 

Due to 

Wavelength 

Line 

Due to 

W'avelength 

bJ 

Fe 

2 947.9 

N 

Fe 

3 581.21 . 

b4 

fFe 

5 167.51 

t 

Fe 

2 994.4 

M 

Fe 

3 727.64 


IMg 

5 167.33 

T 

Fe 

3 021.07 

L 

Fe 

3 820.44 

b» 

IMg 

5 172.70 

s 

Fe 

3 047.62 

K 

Ca i 

3 933.68 

bi 

Mg 

5 183.62 


fFe 

3 100.68 

H 

Ca 

3 968.49 

Es 

Fe 

5 269.56 

S.f 

■iFe 

3 100.32 


H i 

4 101.75 

Da 

Na 

5 889.98 

Sal 

[Fe 

3 099.94 

g 

Ca I 

4 226.74 

Di 

Na 

5 895.94 

E 

fCa 

3 181.28 

G 

fFe 

4 307.91 

C 

H 

6 562.82 


ICa 

3 179.34 


ICa ! 

4 307.75 

B 

0 

6 869.96 

Q 

Fe 

3 286.77 

G' 

H 

4 340.48 

A 


7 621. 

P 

Ti 

3 361.19 

F 

H 

4 861.34 


10 

7 594. 

0 

Fe 

3 441.02 
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TABLES AND CHARTS 


TABLE Yin 

Con version Tables~\A' avblength- — Freq uenc y 


A. Visible data, wavelisiigth in in/i to fretiuenoy in f. (Note that the table may also be read as fre- 
quency to wavelength, i.e., 500 nija = (j00 f, and 500 f = 600 mg.) 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

400 

750.0 

748.1 

746,2 

744.6 

742.6 

740.7 

738.9 

737.1 

735.3 

733.5 

410 

731.7 

729,9 

728.2 

726.4 

724.5 

722.8 

721.0 

719,4 

717.7 

715. 9 

420 

714.3 

712.6 

710,8 

709.2 

707.5 

705.8 

704.2 

702.5 

700.9 

099.3 

430 

697.7 

696.1 

694.4 

692.7 

691.2 

689.7 

688.0 

080.5 

084.0 

683.4 

440 

CSl.S 

680.3 

679.7 

677.2 

675.7 

674.2 

672.6 

070,1 

069.0 

068.2 

450 

666.7 

665 . 2 

663.7 

662.2 

660.8 

059.3 

057.9 

656,5 

055 , 0 

053,6 

400 

652.2 

650.8 

649.4 

647.9 

646.6 

645.2 

643.7 

642,4 

641 . 0 

639.7 

470 

63S, 3 

636.9 

635.6 

634.2 

632.9 

631.6 

630,2 

028,9 

§27.6 

026.3 

480 

625,0 

623.7 

022.4 

621.1 

619,8 

618.6 

017.3 

616.0 

614.8 

613.5 

490 

612.2 

Gll.O 

609.8 

608.5 

607.3 

600.1 

604.8 

003.0 

602.4 

001.2 

500 

600.0 

598,8 

597.6 

590.4 

595 . 2 

594.1 

592.9 

591,7 

590.0 

589.4 

510 

588. 2 

587.1 

585.9 

584.8 

583.6 

582.6 

581.4 

580.3 

579.2 

578,0 

520 

576.9 

575.8 

574.7 

573.6 

572.5 

571.4 

570.3 

509.3 

568.2 

567.1 

530 

566.0 

565.0 

563.9 

562.9 

561.8 

560.7 

559.7 

55S.7 

557.6 

556.6 

540 

555.6 

554.5 

553.5 

552.0 

551.5 

550.5 

549.5 

348.4 

547.4 

546,4 

550 

545.5 

544.6 

543.5 

542.5 

541,5 

540.5 

539.5 

538.6 

537. 0 

536.6 

560 

635.7 

534.8 

633.8 

532.9 

531.9 

531.0 

.530.0 

529,1 

528.2 

527.2 

570 

526.3 

525.4 

524.5 

523.6 

522.6 

521.7 

520.8 

519,9 

519.0 

518.1 

580 

517.2 

516.4 

515.5 

514.6 

513.7 

512,8 

511,9 

511.0 

510,2 

509.3 

590 

508.5 

507.6 

1 500.8 

505.9 

505.0 

504.2 

503,3 

502,5 

501.7 

500.8 

600 

500.0 

499.2 

498.3 

497.5 

496.7 

495.9 

495.0 

494.2 

493.4 

492.6 

610 

491. S 

491.0 

' 490.2 

489.4 

488.6 

487.8 

487.0 

480.2 

485.4 

484.7 

620 

483.9 

483.1 

1 482.3 

481.5 

480.7 

480.0 

479,0 

478,5 

477.7 

476,9 

630 

476.2 

475,4 

474.7 

473.9 

473.2 

472.4 

471.7 

471 .0 

470.2 

469.4 

640 

468.7 

468.0 

1 467.3 

406.6 

465.8 

465.1 

404.4 

463.7 

463.0 j 

462.2 

650 

461.5 

460.8 

460.1 

459.4 

438.7 

458.0 

457.3 

456 . 6 

455. 9 

455.2 

660 

454.6 

453.9 

453.2 

452.5 

451. S 

451.1 

450.. 5 

449.8 

449.1 

448.4 

670 

447.7 

447.1 

446.4 

445,7 

451.1 

444.4 

443,8 

443 . 1 

442.4 

441.8 

680 

441.2 

440,5 

439.9 

439,2 

438.6 

438.0 

437.3 

430.0 

436,0 

435.4 

690 

434,8 

434.2 

433.5 

433.9 

432.3 

431.7 

431,0 

430.4 

429 , 8 

429,2 

700 

428.6 

428.0 

427.4 

426.7 

420.1 

425.5 

424,9 

421.3 

423,7 

423.1 

710 

422.5 

421.9 

421.3 

420.8 

420.2 

419.6 

419,0 

418,4 

417,8 

417.2 

720 

416.7 

416.1 

415 . 5 

414.9 

414.4 

413.8 

413.2 

412.7 

412. 1 

411,5 

730 

411.0 

410.4 

409.8 

409.3 

408.7 

408.2 

407.6 

407. 1 

406.5 

400.0 

740 

405.4 

404.9 

404.3 

403.8 

403.2 

402.7 

402,1 

401,6 

401,1 

400 . 5 

750 

400.0 

399.5 

398.9 

398.4 

397.9 

397.4 

396,8 

390 . 3 

395,8 

395 . 3 

760 

394.7 

394.2 

393.7 

393.2 

392.7 

392.2 

391.6 

391.1 I 

390 6 

390.1 

770 

389. 6 

389.1 

388.6 

388.1 

387.6 I 

387.1 

386.6 

380.1 

385.6 

385 . 1 

780 

384.6 

384.1 

383.6 

383.1 

382.7 i 

383.2 

381.7 

381.2 

380,7 I 

380 . 2 

790 

379.7 

379.3 

378. 8 

378.3 

377.8 I 

377.4 

376.9 

370.4 1 

375.9 

375 , 4 
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TABLE VUI 

{Contin uni) 




CoNVKUsioN Tables — 

VaVELEMG'I'H — 1 

'itEQLENt'Y 


B. Photographic Range. Not 

that mg and f are i 

ntercouvortible 

(either column 

may be used and 

values of the other term read iu 

he other column) 

but the relation between wavelengt 

h, frequency, and 

wavenumber m 

jst be read from left to right as indicated. Angstrom \ 

alues are obtain 

d bv Jiniltiiilving 

11^1 values by 1 

I 





X or X 

Wavelength 

X or X 


Wavelcu.gth 



mg 


i 

lllfl 


! 


X ;f= 

=A: v' 





X 

Frequency 

Wavenumber 


X 

Frequenev 

Wavenumber 


/ 

cm-‘ 




cm-i : 

1500 

200.0 

6,667 


650 

461.5 

15,385 

1475 

203.4 

6,780 


625 

4S0.0 

16,000 

1450 

206.9 

6,897 


COO 

500.0 

16,667 : 

1425 

210.5 

7,018 


575 

521.7 

17, .391 

1400 

214.3 

7,143 


550 

54 5 . 5 

18,182 

1375 

218.2 

7,273 


525 

571,4 

19,048 

1350 

222.2 

7,407 


500 

600. 0 

20,000 

1325 

226.4 

7,547 


475 

631.6 

21,053 

1300 

230.8 

7,092 


450 

060.7 

22 , 222 

1275 

235.3 

7,843 


440 

681. S 

22 , 727 ' 

1250 

240.0 

8,000 


430 

697. 7 

23,250 ! 

1225 

244.9 

8,163 


420 

714.3 

23,810 

1200 

250.0 

8,333 


410 

731.7 

24,390 

1175 

255.3 

8,511 


400 

750.0 

25,000 

1150 

260.9 

8,696 


390 

769.2 

25,041 

1125 

266.7 

8,889 


380 

789,5 

26,310 i 

1100 

272.7 

9,091 


370 

SIO.S 

27,027 

1075 

279. 1 

9,302 


360 

833. 3 

27 , 778 ' 

1050 

285.7 

9,524 


350 

857.1 

28,571 

1025 

292.7 

9.756 


340 

882.4 

29,412 

1000 

300.0 

10,000 


330 

909.1 

30,303 

075 

307.7 

10,256 


320 

937.3 

31.2.50 

050 

315.9 

10,526 


310 

967.7 

32,258 ! 

025 

324 . 3 

10,811 


300 i 

1000 0 

33,333 ' 

900 

333 . 3 

11,111 


290 j 

! 1034.5 

34,483 : 

375 

342.9 

11,429 


280 1 

1071.4 

35,714 

850 

352 . 9 

11,765 ; 

270 

1111.1 

37,037 

825 

363 . 6 

12,121 

; 260 

1153.8 

38,402 i 

800 

375 . 0 

12,500 


2,50 

1200,0 

40,000 1 

775 

387. 1 

12,903 


240 

; 12.50 . 0 

41,667 

750 

400.0 

13,333 


230 

1304 . 3 

43,478 

725 

413. S 

13,793 


220 

1363.6 

45,455 : 

700 

428 . 6 

14,286 


210 

1 1438 , 5 

47,619 

575 

444.4 

14,815 ' 

200 

! 1500 0 

50,000 

C. Correction for Refractive Index of Light in Air. I 

f it is d(.‘sirable 

til correct fur thi 

■ refractive inde.s 

of light in air (r 

'(luce fu vacuuni 

conditions), the following additions 

to the wavelengt 1 

li value slioiikl be 

iiijule jirior to ( 

onvfi'ting to w.'i 

■eminiber or freiiuoni 

V- 



X ,ng 

1 +« 

i: 


X mg , 

-t-g 

1 , 000 

0 . 2739 

!; 

j- 700 

0.1927 

1 400 

0. 1127 

000 

! 0 . 2468 

(ioo 

0.16,58 

300 

U . (XS72 

800 

! 0.2197 

1 

1; 500 1 

0.1391 

; 200 i 

0.0051 
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TABLE IX 
CoNVEEsiON Tables 
{B65, B48, B20, B32) 

Extinction (E ) — Transmission percentage {T x 100) — Log extinction (log E)-~ 
Angular sector openings — Prism rotation 

The 90° sector values are for rotating sectors of 90° opening as equivalent to 100 per cent. For sectors 
with 180° maximum opening these values should be doubled. For transrni.ssions of 10 per cent and less 
use 1/10 of the corresponding 100 per cent values. 

The polarizing angle relation is based on 


E ~ 2X log tan B (for a 45° extinction angle) 


log E 

E 

Percent- 

age 

Trans- 

mitted 

90° 

Sector 

Angle 

Polarizing 

Angle 

(45° 

extinction) 

log E 

E 

Percent- 

age 

Trans- 

mitted 

90° 

Sector 

Angle 

Polarizing 

Angle 

(45° 

extinction) 

^GO 

0.00 

100.0 

90.0 

45.0 

-0.40 

0.35 

44.7 

40.2 

33,8 

-2.00 

0.01 

97.8 

88.0 

44.7 

-0.44 

0.30 

43.7 

39,3 

33.5 

-1.70 

0.02 

95.5 

86.0 

44.3 

-0.43 

0.37 

42.7 

38.4 

33.2 

-1.52 

0.03 

93.3 

84.0 

44.0 

-0.42 

0.38 

41.7 

37.5 

32.8 

-1.40 

0.04 

91.2 

82.1 

43.7 

-0.41 

0.39 

40.7 

36.0 

32,6 

-1.30 

0.05 

89.1 

80.2 

43.3 

-0.40 

0.40 

39,8 

35.8 

32.3 

-1.23 

0,06 

87.0 

78.3 

43.0 

-0.39 

0.41 

38,9 

35,0 

32,0 

-1.16 

0,07 

85.1 

76.6 

42.7 

-0.38 

0.42 

38.0 

34.2 

31.7 

-1.10 

0,08 

83,1 

74.8 

42.4 

-0.37 

0.43 

37,2 

33,5 

31,3 

-1.05 

0.09 

81,2 

73.0 

42.0 

-0.36 

0.44 

36.3 

32,7 

31.1 

-1.00 

0.10 

79,4 

71.5 

41.7 

-0.35 

0.45 

35.5 

31,9 

30,8 

-0.96 

0.11 

77.0 

69.9 

41.4 

-0.34 

0.46 

34,7 

31.2 

30.5 

-0.92 

0.12 

75.8 

68.3 

41.1 

-0.33 

0.47 

33.9 

30.5 

30,2 

-0.89 

0.13 

74.2 

66.8 

40.8 

-0.32 

0,48 

33.1 

29.8 

29,9 

-0.85 

0.14 

72.5 

66.3 

40.4 

-0.31 

0.49 

32.4 

29.2 

29.6 

-0.82 

0.15 

70.8 

63.8 

40.4 

-0.30 

0.50 

31.6 

28.4 

29.3 

-0.80 

0.16 

69,2 

62.3 

39.6 

-0.29 

0.51 

30.9 

27.8 

29.1 

-0.77 

0.17 

67.6 

60.8 

39.4 

-0.28 

0.52 

30.2 

27.2 

28.8 

-0.75 

0.18 

66.1 

59.5 

39.0 


0.53 

29.5 

26.6 

28.5 

-0.72 

0.19 

64.6 

58.2 

38.3 

-0.27 

0.54 

28.8 

25.9 

28.3 

-0.70 

0.20 

63.1 

56.8 

-40. 1 

-0.26 

0.55 

28.2 

25.4 

28,0 

-0.68 

0.21 

61.6 

55,4 

38.1 

-0.25 

0.-56 

27.5 

24.8 

27.7 

-0.66 

0.22 

60.3 

1 64.3 

37.9 


0.57 

26.9 

24.2 

27.4 

-0.64 

0.23 

59.0 

53.1 

37.5 

-0.24 

0.58 

26.3 

23. G 

27.3 

-0.62 

0.24 

67.6 

51.9 

37.2 

—0.23 

0.59 

25.7 

23.0 

26.9 

-0.60 

0.25 

56.3 

50.7 

36.8 

-0.22 

0.60 

25.1 

22.6 

26 6 

-0.59 

0.26 

65.0 

49.5 

36.6 


0.61 

24.5 

22.1 

26.3 

-0.57 

0.27 

63.7 

48.3 

36.2 

-0.21 

0.62 

24.0 

21.6 

26.1 

-0.56 

0.28 

52.4 

47.2 

36. 9 

-0.20 

0.63 

23.4 

21.1 

25.8 

-0.54 

0.29 

51.3 

46.2 

35.6 


0,64 

! 22.9 

20.6 

25.0 

-0.52 

0.30 

50.1 

45.1 

35.3 

-0.19 

0.66 

22.4 

20.2 

25.3 

-0.51 

0.31 

49.0 

44.2 

35.0 

-0.18 

0.66 

21.9 

19.7 

25.1 

-0.50 

0.32 

47.9 

43.2 

34.7 


0.67 

21.4 

19.3 

24.8 

-0.48 

0.33 

46.8 

42.2 

34.4 

-0.17 

0.68 

20.9 

18.8 

24.6 

-0.47 

0.34 

45.7 

41.2 

34.1 

-0.16 

0.69 

20.4 

18.4 

24.3 
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log E 

E 

Percent- 

age 

Trans- 

mitted 

90° 

Polarizing 

Angle 

(45° 

extinction) 


E 

Percent- 

age 

Trans- 

mitted 

90° 

Sector 

Angle 

Polarizing 

Angle 

(45° 

extinction) 


0.70 

20.0 

18.0 

24.1 

0.06 

1.15 

7.08 


14.9 

-0 . 15 

0.71 

19.5 

17.6 

23.8 


1.16 

6.92 


14.7 


0.72 

19.1 

17.2 

23.6 


1.17 

6.76 


14.6 

-0.14 

0.73 

18.6 

16.8 

23.3 

0.07 

1.18 

6.61 


14.4 

-0.13 

0.74 

18.2 

16.4 

23.1 


1.19 

6.46 


14.3 


0.76 

17.8 

16.0 

22.9 

0.08 

1.20 

6.31 


14. 1 

-0.12 

0.76 

17.4 

15.7 

22.6 


1.21 

6.16 


14.0 


0.77 

17.0 

15.3 

22.4 


1.22 

6.03 


13.8 

-0.11 

0.78 

16.6 

14.9 

22.2 

0.09 

1.23 

5.90 


13.6 


0.79 

16.2 

14.6 

21.9 


1.24 

5.76 


13.5 

-0.10 

0.80 

15.8 

14.2 

21.7 


1.25 

5.62 


13.3 


O.Sl 

15.5 

13.9 

21.5 

0.10 

1.20 

5.50 


13.2 

-0.09 

0.82 

15.1 

13.6 

21.3 


1.27 

5,37 


13.1 

-0.08 

0.83 

14.8 

13.3 

21.0 


1.28 

5.24 


12.9 


0.84 

14.5 

13,0 

20.8 

0.11 

1.29 

5.13 


12.8 

-0.07 

0.85 

14.2 

12.8 

20.6 


1.30 

5.01 


12.6 


0.80 

13.8 

12.4 

20.4 


1.31 

4.00 


12.5 

-0.00 

0.87 

13.5 

12.1 

20.2 

0.12 

1.32 

4.79 


12.3 


0.8S 

13.2 

11.9 

19.9 


1.33 

4.68 


12.2 

-0.05 

0.89 

12.9 

11.6 

19.7 


1.34 

4.57 


12.1 


0.90 

12.6 

11.3 

19.5 

0.13 

1.35 

4.47 


11.0 

-0.04 

0.91 

12.3 

11.1 

19.3 


1.36 

4.37 


11.8 


0.92 

12.0 

10. S 

19.1 


1.37 

4.27 


11.7 

-0.03 

0.93 

11.7 

10.6 

18.9 

0.14 

1.38 

4.17 


11.5 


0.94 

11.5 

10.3 

18.7 


1.39 

4.07 


11.4 


0.95 

11.2 

10.1 

18.5 


1.40 

3.98 


11.3 

-0.02 

0.96 

11.0 

9.9 

18.3 

0.15 

1.41 

3.89 

i 

11.2 


0.97 

10.7 

9.6 

18.1 


1.42 

3.80 


11.0 

-0.01 

0.98 

10.5 

9.4 

17.9 


1.43 

3.72 


10.9 

0.00 

0.99 

10.2 

9.2 

17.7 


1.44 

3.63 


10.8 

0.00 

1.00 

10.00 


17.6 

0.16 

1.45 

3.53 


10.7 


1.01 

9.78 


17.4 


1.46 

3.47 


10.6 

0.01 

1.02 

9.65 


17.2 


1.47 

3.39 


10.5 


1.03 

9.33 


17.0 

0.17 

1.48 

3,31 


10.3 


1.04 

9.12 


16.8 


1.49 

3.24 


10.2 

0.02 

1.05 

8.91 


16.6 


1.50 

3.16 


10.1 


1.06 

8.70 


16.6 

0.18 

1.51 

3.09 


10.0 

0.03 

1.07 

8.51 


16.3 


1.52 

3.02 


9.9 


1.08 

8.31 


16.1 


1.53 

2.95 


9.7 


1.09 

8.12 


15.9 


1.54 

2.SS 


9.6 

0.04 

1.10 

7.94 


15.7 

0.19 

1.55 

2.82 


9.5 


1.11 

7.76 


15.6 


1.56 

2.75 


9.4 

0.05 

1.12 

7.58 


15.4 


1.57 

2.69 


9.3 


1.13 

7.42 


15.2 

0.20 

1.58 

2.63 


9.2 , 


1.14 

7.25 


15.1 


1.59 

2,57 


9.1 
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SPECTRUM CHARTS 


The following plates (Plates II to XXXVI) are of the iron spectrum 
from 2310 to 5090 A wnth identified iron lines and indicated position of 
the principal lines of other elements. 

The blank space above the iron spectrum is intended for use as a 
projection screen or for the superposition of an enlarged strip of the un- 
known spectrum and adjacent iron comparison spectrum. The vertical 
lines in this blank space are extended lines for a few of the unknown ele- 
ments so as to permit vertical alignment of the projected spectrum lines. 

In order to fill the pages a different reduction was used on some of these 
plates as compared with others. This change in reduction size is parUcul-arly 
noticeable between the series of Plates II to XXVII and the series of Plates 
XXVIII to XXXVI. 
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PLATE II 


(3) 2310.95 


(5) 2313.07- 
(2) 2313.65 - 
(2) 2313.98 - 


(2) 2318.19 

2319,94 

2320.33 

2321.32 


(6) 2327,37 


2331.29 . 

(6) 233J2.J4 



23 10-233 5A 


.2310.97 PtC3) 

- 2310.99 Ui(3fe 

- 2311.50 Sb(6M 
s 2311.60 Co 

2311.70 Kr 
^ 2312.36 Ni( 

. 2312.40 Ag( 
.2312.88 Cd( 
2313.09 A 


2316.0 T1(6R) 

2317.15 Ni(2R) 

2317.22 Stt(5R) 


■ 2319,6 Cu(4) 

■ 2320.08 Ni(5i 


• 2321.42 Ni(3R) 
^ 2321.56 Al(2). 

• 2323.1 WCl) 


• 2324.63 Ag(2> 
2324.9 Or 
.2325.77 Mn(2) 
2325.81 NiC3R) 


, 2329.27 Cd(8R) 


. 2332.47 Pb(4R) 
■ 2332.57 Y (2) 

2333.79 Bi(3!> 

. 2334.7 Rh(2) 

' 2334.82 Sn(4R) 
• 2335.25 Ba(6R) 
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PLATE III 


( 7 ) 2331.29 


( 6 ) 2332.74 



( 6 ) 2359 , 12 . 

( 4 ) 2359 , 97 . 

( 5 ) 2360,31 


.2356, 
_X2356, 
'^2357 
2357 
2357 
2357 


2344.3 A 
'23,44.5 Kr 

2345.53 Ni(2R) 

2346.8 Ti 

2347.58 Ba(5) 

2348.62 Be(10|l 

2349.84 AsClOR' 
2350.5 A 
2350.78 Bef6) 
2351.24 Hf(5) 


.67 AuC 4) 
,4 Co 
.9 Kr 
.20 Y (3) 
.30 Sr(lR) 
.30 Se, ^ 
,84 Sn(5R) 
.63 Cu(2) 


91 Dy(2), 
,10 PtC4R) 
,6 InClR) 
,9 Sn{3} 

,92 Ag(4) 




SPECTIUTM CHARTS 


45 ; 


2388*00 CO (2) 
2389.55 In(8Rj 

2390,40 W (1) 
2390.57 Ag 



i(-) 2417,9 


452 


SPECTRUM CHARTS 


PLATE VI 

(-) 2417.9 


(-) 2424.94 


(-) 2431.05 
(-) 2432.21 

C-) 2435.00 
C-) 2435.16 


(2) 2438.19 

(4) 2439.75 
(2) 2440.11 


(4) 2442.58 

<4) 2443.87 
(-) 2444.5 


(4) 2447,72 



2420-2452A 


_ 2417, 37 Ge(3) 
^2418.06 Pt(3) 
^2418.36 TiH4) 
-2418.64 Ru(3) 
■'2418.9 Zn 
^2420.12 Ag 
-2420.20 Y (4) 
'■2420.7 Ce 
^2421.31 Ti(4) 
'"2421.7 SnfeA) 
>2422.15 SMS) 
02422,2 Y (4) 
>^2422.75 Dy(3) 
2424.26 TiU) 

^ 24249*400 (3R) 
■^2425.5 Li(3R) 
-2426.37 Sb(3R) 
-2426.64 ;pb(4) 
“2427.11 Rhf3) 
"2427.48 ¥ (2) 
■'2427.96 Au(lOR) 


"2428.11 Sr^ 
-'2429.5 Sni 
-2429,65 Agl 


^2430.95 Pd(2) 

^2432.21 Co(3R) 
_ 2432.5 Co 
- 2433,111P4(2) 
-2433.4 Bi(3) 

,2435-16 Si(5R) 


^2436.69>Pt(3R) 

>2437,77 Ag(3) 
-2437.9 Ni(2) 

^2438.77 SiC3) 
-2438.86 Dy(3) 
'•2439,9 2a(3) 

-2440.08 Pt(4R) 
^2441.44 Pd(6R) 
_ 2441.62 Cu(5R) 
^2442.1 Zn 

^2443.39 Si(3)^ 
>-2443.86 Pb(^) 
^2444.26 RhC4) 


>2445.53 
>2446.20 
-2446.4 
-2446.91 
-2447.7 
“2447.91 
^2447.92 
2448.06 
-2449.85 
“ 2450.07 
::: 2450.45 
V. 2450.5 
2460,96 


Sb(3R) 

Pb{4R) 

Hglil 

Bl(4) 
Zr .5) 
Oa ,2R) 
Ti 2) 
ptfs} 
Pt(3) 
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2452-2487A 

2452.52 Mh(2R) 

2453.37 Ag(3) 



.2463,5 Zn(3) 

'2463.59 RhU) 
-2464,07 Hgl4) ^ 
- 2464.53 MyClOR) 
-2465.40 Zr(5) 


- 2467.44 ptf6R) 
-2468.01 In(4R) 


. 2469.2 Hf(4) 




2485.8 Ag 

2487.18 Pt(4R) 

2487.50 Rht4l 






5886 











(5) 2706.59 
(1) 2607.46 
(4) 2708.58 

i 3J 2709.06 
Z) 2710,00 
4) 2710.55 
(5) 2711.66 
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PLATE XIV 


(5) 2711.66 



2714.08 

6 

2714.42 

,4 

2714.86 

2715.33 

3 

2716.23 

2 

2716126 


2717.38 

(3 

) Z7T7.7S 


1 2718.45 

7 

1 2719.04 

x 

t 2719.43 

C3 

1 2720.20 


i 2720.91 


( 2723.58 



2724.96 


} 2726.07 

(3l 

1 2726.24 


1 2727.54 

Uj 

» 2728,03 

U] 

t 2728.83 



2669-2712A 


^2712.15 Zn(6) 
^2712.6 Cd(6) 


^2714.23 V (6) 
”^2715.69 V (10) 


^^2718.91 Sb(4R; 


2719.02 Pt{5R) 
2719.51 Ru(5) 


''2722.60 Zr(5) 


2725.45 Ru(4) 
=r- 2726,15 Ifii 4) 
—-^2726.49 ZrU) 
^,2726.61 Cr(5R) 
^2727.22 6b 6R) 
2728.66 7 (6) 
2728.93 RhfSj 
-2730.50 B1(5R) 


I 





2733.58 

2734.01 

2734.27 

2734.62 

2735.48 

2736,97 

2737.31 

2737.64 

2737.83 

2739.55 


2742.02 

2742.26 

2742.41 

2743.20 

2743,57 

2744.07 

2744.53 

2746.49 

2746.99 

2747.56 

2749.33 

2750.15 

2750.87 


2753.29 

2753.69 

2754.03 

2754.43 

2755.74 

2756.33 

2757.32 

2757.86 




2745.00 Ab( 6R) 
2745.85 Zr{5) 
-2746.75 Ni(4) 

'*2748.29 Cr(5R) 
'2748.99 Cr(4) 


-2752,20 Zr(5) 

- 2752.87 0r(4R) 
■^2753.89 : 
-2754.69 I 
"2754.90 ] 

- 2756.4 Zr(6R) 

- 2757.11 Cr(4R) 
-2757.40 Ti<5) 
“2758.07 Tlt6) 
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(8) 2735.48 
(4) 2736.97 
(6) 2737.31 

(2) 2737.64 

(3) 2737.83 

(9) 2739,55 


,2736.45 Cr(5R) 

- 2736.6 Mg(4) 

,2238,46 Pt(4) 
2739.21 Ru(4) 

- 2739.26 Ba(4) 
,2740.43 Ge(8) 
-2740.47 Cof4) 
-2741.30 LillOR) 

- 2742.33 Tie 7) 
-2742.54 Zr{5) 
'2743.99 Zr(4) 
^2745.99 As(6R) 
,2745.85 2rC5) 
,2746.75 111(4) 
,2748.29 Cr(5R) 


(4) 2766,91 • 
(7) 2767.52 
(2) 2768.11 

(2) 2768.94 
(4) 2769.30 

(3) 2769.36 

(3) 2769.67 
(6) 2772.11 

(4) 2773.23 
(4) 2774.73 


(6) 2778.22 
(4) 2778.85 
(3) 2779.30 

(3) 2780.70 

(4) 2781.80 


2.20 Zr(5) 
2.87 Cr(4R) 

3.89 InfSR) 
4.59 GeClO) 

4.90 Ptes) 
6.4 Zn(6R) 
7.11 Cr(4R) 
7.39 TICS) 
8.07 Ti(6) 


^2761.37 Co(4) 

,2763.09 Pd(8R) 
^2763.9 Cd(6R) 

.2766.38 Cu(lO) 
,^2766.54 Cr(4R) 
2767.88 T1(10R 
2769.91 Cr(6R) 
/ 2769.94 Sb(9R} 
2770.85 Zil(8R) 
2770.95 ZnfSR} 

^2771.0 2n{6R5 

2771.07 Pt(4R) 
^2773.42 Hf(6U 

S 2774.01 W C3R) 

rrrr: 2774.48 -ffCCSR) 

-2775.0 Gd(6) 

^2776,71 Mg(6R) 

2778.29 V«(6R) 

/ 2779.81 Sa(4R) 

,^2779.85 Mg(8R) 
2780.23 As(aR) 
=^2780.52 Bi(7R] 

sj 2780,71 CrCTR) 

2781,43 Wg 6R) 
^2782,49 Wgt6R) 

, 2785.1i6 Ba(6) 
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2787.94 

’6^ 

2788.11 


2789.48 


2789.81 


2791.46 


2791.79 

(2 

2792.40 

(21 

1 2794.71 

(2^ 

\ 2795.01 

(4) 2797.78, 


(2) 

2799.15 

(2) 

2803 .61 

(7) 

2804.52 

(7) 

2806.99 


2807.24 

(2) 

2808.33 


(9) 

2813,29 

(2) 

2815 .51 

(3) 

2817.51 

(1) 

2819.30 

(2) 

2820.807 

(7) 

2823.28 


2825.56 

(4) 

2825.68 

(4) 

2827.89 

2828.81 

(3) 

2831.56 

(6) 

2832.43 

(2) 

2834.75 

(4) 

2835 .46 


2835 .71 

(2) 

2835 .95 

(6) 

2838.12 



2785-2837A 
.2785.26 Ba(6) 


2790.83 
^ 2791,17 
=i^—27^4fA2 Cei 


2798.02 Mg(5) 
^2798.27 Jto(6R) 
-2798.66 NifA) 
^2800.00 2n(8R) 
„ 2800.8 2at7RJ 
-2801.08 MnfSR) 
_ 2802 .00 Pb(5R) 
-2802.50 Tif7) 
"2802.71 MgflOR 
"2803.23 M(6) 


2808.36 LaC5) 
K8R) 
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12) 2889. Dl 



2890-2950^ 

.2891.02 Mo(5) 
2891.06 ri(6) 
2891.65 V (10) 
2892.4:6 V (10) 
2893.32 V (10) 

2893.87 Pt(6) 
2896.22 V (6) 

2897.88 Pt(6) 
2897.98 BiClOR) 
2899.20 V 
2899.60 V (6) 


2929.79 PtfSa) 



2937.70 V ^ 

2938.31 BiClOR) 

2939.31 Mn(6) 
2940.39 Wn(6) 
2942.06 Mg' 
2942.35 V ' 
2943. 2Q V ' 
2943.64 Gal 
2943.92 Ni 


iR) 


if' 


2944.41 W (SR) 
2946.98 W ' 6R} 
2947.39 W 19' 
me. 25 Ti(9 
2949.21 Wn(6 
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P 

I 

( 2 ) 






3018.99 

3020.50 

3020.65 

3021,08 

3024.04 

3025.64 
3025,85 
3026.47 

3029.24 

3030.15 

3031.22 

3031.64 


3037.39 

3037,78. 

3040.43 

3041.75 

3042.03 

3042.67 

3044.49 

3047.61 

3048.47 


3053.07 

3053.21 

3055.27 


3059.09 

3060.55 

3060.99 


3063.94 

3066.49 

3067.25 

3068.18 



3005-3065A 


3002.49 Ni(lOR) 
-^3003.63 NiC9R) 
-^30O50O7COr(5R) 
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(4) 

( 2 ) 

(5) 



11 


( 6 ) 

ii! 



IS 


3171,35 

3172.07 

3173.66 
3175.04 
3175,45 
3178.01 
3178.97 
3179.54 
3180.20 
3180,76 
3181.53 

3182.08 
3182.99 
3184.90 
'3186.75 
3188.»59 
3188;. 84 

3190.66 

3191.67 
3192,81 _ . 
3193 , 31 -^ 



3130-320SO 


^3130.42 Be (10) 
-^131,06 Bb( 10) 
—3131.56 Hg(8R) 
^131.84 Hi(8R) 
^3132.60 Mo(lOR) 
'-3134.10 NiUoR) 

^3137.32 Co(6R) 

>^3139.37 Pt(8) 
-3139.94 Co(7R) 
''3140,33 Cu(6) 
-3142.43 Cu(7) 


_^3146.40 Cb( 6) 
=::;r3146.82 Cut6) 
^'-3147.06 Co 7R) 
—-^149. 30 CoC6R) 


-3152.70 Co(6|l) 
-3154.78 Co(6} 
-3156.56 Pt(8) 


=<^ 3158.15 lIo(9R} 
-*-^3158,76 CoC6R) 
VslSe.S? Cal8) 
^3159.66 Co(6R) 
3162.52 Ti(9) 


-3165.97 Zr(6) 
^3168.05 Co(6) 
-3168.52 TiC9) 
-3169.64 Co(6} 
'-3170.34 MoClOR) 
"3171:963 Ce(6R} 


-5175.05 Sn(lOR) 
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3 105-3280 A 
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7.1 K (6R) 
8.27 TiC6) 

1.17 Ce(7) 
2.84 Ti(7) 

3225.03 Ni(5R) 


3226.99 
3228.09 
3228.62 
3229.76 
3232.52 
3232.67 

3 3232.94 
3234.52 
3234.66 
3236.58 
3236.78 
3239.02 
^^ 3241.05 
V 3243.06 
^3243.84 
V 3247.17 
\ 3247.55 


6R) 

,10R) 

lOR) 

8R) 

8R) 


Mn(6 
Ti(7] 
Zr(7 
Ni(8] 

0o(a 

Co{7R)^ 
Cu(lOR) 


3252.53 CdC8) 
3252.92 Ti(8) 
3254.20 CoClOR) 
3255.91 Pt(7) 


(8) 3305.98 


3260.81 Co(7R) 
— ^ 3261.05 Cd(lOR) 

3262.33 SntlOR) 

X 3263.14 Rh(-9) 
—^ 3265.35 Co(6R) 
V 3267 .48 STd(iOR) 
^^3267.71 0s(8) 
3269.49 OeClO) 
3271.11 V (10 ) 
3271.61 Rh(8) 

3272.25 Ce{7) 
3273.05 Zr{8) 

X\ 3273.96 Cu(lOR) 
A 3276.12 V (10) 
<^v^3278.96 LaClO) 

3280.54 Rh(lOR) 
3280.67 Ag(lOR) 
3281.75 La(lO) 

—VW 3282.32 Zn{8RJ 
— A\\ 3283.45 Co(lOR) 
=^\\ 3283.56 Rh(l0R3 
3284.71 Zr('8) 

3287.25 Pd{7) 

^ 3289.37 Ky(lOR) 

3290.55 Lu(lO) 
3290.8 Wo{5) 

3294.13 Ru(7) 
.3298. 67 CoC6) 
3301.36 0 b(9) 

3302.14 Pd(6R) 
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(3) 3396.98 
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Ni(LOR) 

Co(6R) 




474 


SPECTRUM CHARTS 


PLATE XXVIli: 





^rgcgg—Tg—DCTXSR 3596 .17 Ru(lOR) 
= 70 ^tsiv 3597.17 RhCljOR) 

' A pi;)«U S598.11 08(9) 
- 3599.1^Cu(8^ .3602.04 Cu^) 


(5) 3659.52 . 


87 Rh(8) 

48 Mn(6) 

51 Cd(lOR) 

88 Cd(8R) 

38 Sc(lO) 
,4 Cd(7) 

,S9 Ni(lO) 
,84 Ce(7) 
,10 Ca(6R) 

,81 Co(8R) 
,75 ScClO) 
,68 Pd(10R; 
,48 .Ti(9R) 
,83 StC?) 
,81 Cr(6R) 
,68 Ti(10R; 
,39 Ca(lO) 
,34 00(7) 
,83 Sc(lO) 
.89 Rh(7) 
,99 Rh(£LOR 


:^_. 35 Ru(8R) 3663.2„„g^lQa 
'•3663.64 zr(7) 

3665.23 RhCS) 

-3667.72 7s(8) 

3672.00 Pt(8) 

.3674.16 111(6) 

3676,56 Co(8) 

3fia0.lQ V (7) 
3683305 Co(8) 

-3685.19 TiCipR 

=. 3687^8 y ( 7 ) . - 3633^07 y (3) 
-3690.72 iai(lOR afi92-3S Rh(10R 
- 3695.52 Rh(7) a695.87 V (S) 

- 3700.25 CqC7) . ^7<Vi-92 fih(10R 
- 3702.25 Co (7) a7r>S-S7 V (10) 
- 3704.70 V (7) 

3709-2'^ ZrC6) 


SE: 


I. 11 Pt(lO) ‘ 

-3630. 

!.,34 Co(7) 353^ 

>fg 6,ifH,l 40) 3637. 

Uil.Cuii2i3639. 

J. 05 Ta(10)3542, 

B 3644 i 
3649. 
3651 

5.49 TICIOR 3554 ,; 
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PLATE XXIX 


3710-3830A 



- 3719,50 Os(lO) Os(lO) 

:3722.4:S Nits) 

,3726.93 3u(10R> , ^ , 

-———-7-^3728.02 Rii(lOR) 

2IS2AiiLSsXl^3733.50 Co(6) 

3735.28 Rh(8) , 

3736.91 Ca(8) 3736,81 NiC6) 

3739.95 Pb(5R) 

3742.28 Ru(lOR) 

,3745.50 Co{6R) 

3748.22 Rh(9) 

3752.70 , .08 .( 1 0)., 3752.87 Ti(lO) 
.3755.45 Co(6R) 


, -3759.29 Ti(9) 

3761.33 Ti{8) 

3764.12 Ce(8) 

3765.08 Rh(lOR) 

,— 3770.52 lto(6) 

3 771,57 ia .(.8) 3775.73 tiCXOR) 

3778.13 Rh(6) 3.778168 V (6) 

3780.54 Zr(7) an 08(10) 

3783.53 MiC8) Rtt(lOH) 

3786.63 08(8) 37P« ,,tft Rh(8) 

37,90.12 08p} 3790 so Rm(1C(R) 

3793.42 Rh(lOR)'’ 

/ 3799.34 Ru(10r‘) 3799.^ Rh(lOR) 
3801.5S3Ce(10) 3801.03 Sn(»R) 

3B06.76 Rh(7) _ qnn7 m Ni{8) 

3309.29 Ce(8) 

,3613.49 V (8) 

3 ^ 6.46 ^( 6 ) ^ <^1 

3822.35 Rh(lOR) 


■' 3826.70 Mo(6) 
3829.36 Mg(8R) 
3832.32 Fd(io) 


|3828.47 Rh(6R) 
j3S32.31 Mg(lOR) 


^ ^ ' 834:36 
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3820-3960A 


3822.35 RhdOR) 





3^5^I5SBS~np57 ‘ 

Co(7) 3952.58 Ce(5R) 

3956.34 Tigo? GeC9) 

3958.21 Ti(lO) Co(6R) 
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PLATE XXXI 



3950-4100A 


3958.21.n(10)._ 3958.22 Zr(8) 
3858,56 Rh(10 R sqat-RA Al(10a 

^^ 3963.70 Cr(7R) IgS!!? ?i(7)^ 
3966.36 Ft, (82 3966.48 Ca(10R) 

~~^ 39_69,75.Cir(7gI aQ72.S3 CoC6) 
39T6.5S Cr(7R) ^q 77 ?.4 06(10) 
3981.77 »i|l0) 

^ 398^.92 Gr(7R) 
^ 3984.41 Mi(7), 3984.86 RuU) 
,3889.76 a(10) 

3990.57 V (ID) 
-^ 3991.11 2r(9) . 3Q9T.T4 CrC6R) 
39 g? .8Q;.Y . (7) 3993.40 Ba(8R) 

3993.83 Cd(9) 3995.31 Co(8R) 

3996.61 Se(lO) rtQQT.si Co(7R) 
^ 3998,64 Tl(lO) ,QQfl y (g) 

\ 3998.97 2r(9) 3999.25 C6(10) 

^4008.76 V (10) 

-4012:40 fie(10)'N4oo8.93 Ti(7) 

«2ol89 ^(7R) 

4033.07 Ua(8R)'^30*'’"® lto(6R) 
4034.49 Ma(8R) 

4040,76 09(9) iUl4T.37 iin(8R) 

4044jl6JC(10R) 4045.40 Co(8R) 


■ 4055.25 ■ftgiSR) 4055,55 lfn(8) 


4057.83 PbCSR)' 

4062.75 Cu(lO) 

4064.5 4 Zr(7) - _ ^ 

4066,71 08(10) 4066.39 Co^R) 
4069.92 Uo(9) 
4073.49 C»(9) 

- 4077.71 Sr(lOR) 
4080.03 Ru(lQ) 4081.21 Zr(9) 
4081.47 Mo(8i:. 4082.44 Sc(lO) 


-^,_C.p(lQj.. 4084,39 )fo(8) 
4090.58 V (8) 
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ta) 4404.75 - 
(2) 4407.72^ 


(4) 4422.57 - 

i s) 4427,31 - 
4) 4430.62 - 
2) 4433.81 - 
2) 4435.15 - 
(5) 4442.35 - 
C5) 4447.72- 
(3) 4454.39 - 
(5> 4459.13 - 
(4; 4461.66 - 
(5) 4466.59 - 
(4) 4469.39 - 

1 7) 4476.02 - 
2) 4480.14 .. 
4} 4482.26 - 
3) 4484.24 - 
2) 4485.07 ^ 
2) 4490.09 - 
5) 4494.57 - 


^4402.5^5 1 
^ ^4406.65 1 
. — V"4408.2in 
-^===5;' 4414. 87 J 


L-gm^ 4460 , 
• y (^9^ 4462, 

^XIII: 4462 , 
; “^ap^. 4469 , 
'4471, 


i.58 Sc(lO) 
..59 V (8) 
>.44 CaClOR") 


.22. V (8) 
.33 Ce(9) 
.04 V (10) 
.33 Ti(lO) 
.44 Ti(9) 
.20 Ce(lO) 
.03 Mn(9) 
.46 Ni(8) 
.57 Co(lO) 
,23 Ce(lO) 


(3) 4547.86 _ 
(2) 4550.82 

(2) 4552.35- 

(3) 4556.13- 

! 2) 4565.68 
2) 4566.53- 
1 4568.84" 

2) 4574.73- 
(2) 4581.53 
(2) 4584.83-, 
(2) 4587.14- 

i 4) 4592.66 - 
2) 4594.96,- 
2) 4596.06- 
4) 4602.95- 
(4) 4607.67- 
(4) 4611.29- 
(3) 4613.22- 
(4) 4619.30- 
(4) 4625.06- 
(3) 4630.13- 
(3 ) 4632.20- 
(4) 4638.02- 


rM9) ^520, 
;-|^TI^4522, 
rB^(tr-«23. 
rCetioT 4527, 
5 

r^'Frgr ^535, 
! CeTioT ^536', 
) V (8)'' 4544, 
7 Ti(9) '|4548, 
) Ti(9)''^4550, 

CsUQR ^554. 

rCe(lO) 4555, 
rH«^flC'.4572, 


,94 Ba(8) 
,74 Ti(10} 
,81 Ru(lO) 
,90 Pt(lC) 
,81 Ti(9) 
,25 Ba(8) 
,32 Ti(lO) 
,25 Ti(lOR) 
,58 Ti(8R) . 
,05 TiCgR) 
,69 Ti(9) 
,73 Rh(9) 
,40 08 (10) 
,04 BaClOR) 
,49 Ti(9) 
.28 Ce(lO) 


I Ni(9) 

r 

( xi(9) '4616.' 

4619.' 

LMojLifii4628.; 

LSsIii_ 4629 .i 
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t4j 4592.66 
r2> 4594.96 
f2) 4596.06 
U} 4602.95 
(4) 4607.67 
t4) 4611.29 
O) 4613.22 
i.4) 4619.30 
(4) 4625.06 
4630.13 


(4) 4647.44 - 
^4) 4654.50 - 

(4) 4667.46 - 
(3) 4673.17 - 
15) 4678.86 - 


! 1) 4729.02 - 
1 I 4729.70 - 
3> 4733.59 - 
6) 4736,79 “ 
II) 4741.54- 
^3) 4745.81 - 


tl) 4768.33 ^ 
tl) 4768.3d , 
13) 4772.82 - 


-4587.00 Cu(lO) 
= 74593.2 Ce(lOR) 
'M594.10 V UOR) 
^603.8 CsUO) 
; r4608.14 Rh(lO) 
r-4616.77 Ob( 10) 
-4619,90 Rh(9) 
1^628.15 06(10) 
^629.81 Zn(8) 
:;54633.98 Zr(9) 
^4643.18 HhtlO) 
-^46.17 Cr(7R) 
"4651.17 Cu(8) 

-^'655716 tlC'57~ 

^4663.81 08(8) 
1^668.54 Iig(8) 

-4678.15 Cd(lOR) 
^4681.79 Ru(lO) . 
>4684.02 Ra(lO)^ 


r.59 Pt<9) 
t.63 Rtt(9) 
>.14 Za(lOR) 
L.91 Ti(lO) 
r.80 Zr(lO) 


11.45 Uo(lO) 4731.3 


-4792.87 Co{8) 
-4799.91 Cd(lOR) 
-4807.56 7 (10) 
-4813.49 60 ( 57 "'. 
-4819.26 Ito(lO) 


4810.53 Zn(lOR) 
4815.62 Zr(8) 


-4827.45 V f8> 

-llintp IfeKoY * 4829.04 Ki(8) 
‘ 4833.00 Ru(lO) 
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4800-5090A 


(3) 4789.66 


(5) 4859.76 

(8) 4871.33 
(5) 4878.23 

(7) 4890.77 

(9) 4891.51 

(5) 4903.33 
(1) 4907.75 

(8) 4919.01 

(10) 4920.52 


(3) 4939.69 


(10)4957.51 
(5) 4966.10 


4938.27 

4983.86 

4985.56 

4994.14 

5001.88 

5006.13 

5012.07 

5014.96 


(2) 5041.08 

2) 5049.83 

3) 5051.04 




=5^5064.66 Ti(lO) 




-— 0 ^ 5069.16 1 


-E;^5076.34 fiu(7) 

^5081. 12 Ni(9) 


97 Ru(7) 
53 Ni(e) 


INDEX OF SYMBOLS 

(DefiiiitiouK of ooininoii symbols arc given on the indicated pages.) 

A (ang.strom), 4 
A (absorption), 226 
c (concentration), 4 
c (velocity of light), 4, 191 
cin”^ (unit of wavenumber), 4 
(I (electron configuration), 1(5 
d (thickness), 4 
D (series term), 11 
E (energy), 7, 23 
E (extinction), 4, 185 
€ (molecular extinction), 4 
f (fresnel), 4, 191 
/ (electron configuration), 16 
F (series tei-m), 11 
7 (photographic gamma), 296 
h (Planck constant), 7, 23 
I (transmitted light intensity) j 4, 1X5 
/o (incident light intensity), 4, 185 
lU (vitamin A unit), 202 
J (angular momentum), 15 
k (specific extinction), 4, 186 
K (electron shell), 16 
L (electron shell), 16 
X (wavelength), 4 
M (electron shell), 16 
n\ix (unit of wavelength), 4 
n (unit of wavelength), 4 
N (negative reproduction), 5, 305 
j/ (frequency), 4 
v' (wavenumber), 4, 191 
p (electron configuration), 1(5 
P (series term), 1 1 
P (positive reproduction), 5, 305 
H (Rydberg constant), 9, 1 1 
.s (electron con figuration), 16 
A (series term), 1 1 
t (transmittancy), 4, 185 
T (transmission), 4, 185, 226 
1, 11, III, IV' (ionization states), 20 
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GENERAL INDEX 


Absorption, 4, 226 
Absorption laws, Beer’s, 185 
Bunsen, 185 
Lambert’s, 152, 185 
Absorption spectra, 117 
absorption, 4 
apparatus, 151 
collections of data on, 197 
complex molecules, analysis of, 117 
component curves, analysis of, 119 
demonstration of, 292 
detection of impurities by, 201 
extinction, 4 

influence of temperature on, 123 
measurement and recording of, 185, 
192 ^ 

molecular extinction, 4 
quantitative analysis by, 200 
recording of, 5 
reflection, 4 

relation of optical rotation to, 208 
specific extinction, 4 
substitution position effect, 215 
transmission, 4 
transmittancy, 4 
weighting effects on, 122 
Acceptor atoms, 107 
Acetone, 131 
Acetylene, 133 
.Acids, amino, 137 
hydroxy, 137 
organic, 136 
unsaturated fatty, 136 
l^djustment, of Littrow spectrograph, 
243 

of medium spectrograph, 233 
■of spectrograph lens, 234 
of spectrograph light source, 234 
iugalma Black 10 B, 200 
Air, spark spectrum of, 435 
Albrecht rhomb, 154 
Alcohols, aliphatic, infrared absoiption 
of, 220 


Aldehydes, 134 
hydroxy, 137 
Alkyl halides, 133 
I Allyl alcohol, 137 
Aluminum, 71, 70 

energy level diagram of, 19 
Aluminum bronze, 61, 71 
Amides, 136 
Amines, 137 
Amino acids, 13/ 

Analysis, 71 
qualitative, 71 
quantitative, 77 
Angstrom, 4 
Angstrom, A. J,, 3, 62 
Aniline, 144 
Antimony, 71 
Arc holders, 47, 48 
high-voltage, 51 
Arc light source, 45 
Arc source, 50 

electrical circuit, 50 
rectifier for, 50 
Arc spectra, 49 
of heterogeneous samples, 49 
of solutions, 49 
Arc temperatures, 46 
Arcs, 46, 49 
carbon, 46, 49 
hydrogen, 175 
mercury, 55, 57 
sodium, 56 

Aromatic resonators, 142 
Astronomical spectra, 59 
flash spectrum, 59 
Fraunhofer lines, 60 
stellar types, 60 
Asymmetric compounds, 132 
Auxochromes, 115 
negative, 129 
j positive, 129 
Azo dyes, 146 
Azobenzene, 152, 153 
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Balmei' series, B 
Baly, E. C. C., 197 
Baly tube, 154, 178 
Band spectra, 22 

calcium sulafluoiitlo, 2:i 
cyanogen, 22 
electronic energy, 23 
energy level diagrjim, 24 
isotope effect, 25 
rotational energjy 23 
vibrational enei'gy, 23 
Bardet, J., 67 

Basic compound for quantitative analysis 
samples, 255 
Bathochronre, 105, 128 
Beck hand spectroscope, 287 
Beer’s law, 152, 185 
Bell, F. K., 220 
Benzene, 187, 277, 279 

analysis of absorption spectra of, 118 
band analysis of, 142 
solution absorption spectrnin of, 118, 
144 

vapor absorption spectrum of, 1 18 
Benzeneazophenol, 184, 188, 189 

absorption spectra of methyl deriva- 
tives of, 126 
effect of solvents on, 131 
influence of substitution on, 144 
Benzoin, 195 
Beryllium, 75 
Bibliography, 315 

absorption spectra, 319 
colorimetiy, 319 

qualitative and quantitative emiasion, 
315 

research publications, 321 
spectrochemical abstracts, 320 
theory of spectra, 315 
Biprism, 154 
Bismuth, 71 

effect as extraneous element, 101 
Blackbody radiation, 167, 168 
Blood volume, 203 
Bond energies, 109 
Brackett series, 8 
Brass, 71, 76 
Breckpot, R., 100 
Brilliance of color, 227 


! Brode, W. R, 67, 101, 103, 119, 12 
I 132, 140, 145, 172, 173, 189, 19 

' 204,207,208,215,217 

' Bromide effect (photographic), 29' 

■ Brooker, L. G. S., 140 

■ Bruninghaus, L., 197 

I Bunsen, R. W., 28, 59 

■ Butyl amine, infrared absoi’ption < 

I Cadmium, 61 
I Caillier prism, 35 
[ Calcium, 71 
j Calcium subfluoride, 23 
! Calibration, of Littrow spectrogi-aj: 
I of medium spectrograph, 233 

i of photographic materials, 90 

i of wavelength, 236 

j Carbinol, 133 
Carbohydrates, 137 
Carbon, 71 
arc, 46, 49 
electrodes, 49 

isotope effect in band spectra, 2 
Carbon monoxide Fortrat diagran 
Carbon tetrachloride, Raman spe 
of, 222 

Carbonyl, 134 
Carboxyl, 136 
Carr, E. P., 197 
i Cellophane samples, 270 
j dominant wavelength for, 282 
extinction curves of, 269 
transmission curves of, 282, 285 
Cells, Baly, 178 
colorimeter, 178 
echelon, 161 

for absorption spectra, 1 77 
fused, 178 

method of filling, 180 
thin, 180 
Chelate rings, 1 1 1 
Chloral hydrate, 135 
Chlorophyl, 229 
i p-Chlorotoluene, 149 
i Chromogen, 105 
I C’hromophores, 105, 127, 215 
See also Resonators 
electronically similar, 215 
j frequency values of, 130 
ionic formulas of, 129 
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Cobalt, 71 

ethylene diamine complex, 124 
glasses, 124, 126 
halides, 120 

absorption spectra in quinoline, 125 
Cobalt chloride, quinoline-HCI system, 
207 

Cobalt iodide, 217 
Cod-liver oil, 278 
Collimating lens, 29 
Color, brilliance of, 227 
deepening of, 232 
description of, 225, 227 
production by absorption, 231 
Color production, demonstration of, 292 
Color purity, 226 
Colored paper samples, 272 
data sheet for,_ 271 
Colorimeter, cells, 178 
photronic, 230, 280 
Colorimetric analysis, 230 
Colorimetric applications, 229 
Comparison lines, 248 
Component curves, analysis of, 119, 120, 
121 

Concave gratings, 36 
Concentration, logarithm of, 152 
Conjugated linkages, 212 
Conjugated resonators, 113, 137, 139, 141 
benzene, 142 
ethenylene, 140 
quinoid structures of, 1 15 
resonance energies of, 114 
Constant-deviation prisms, 34 
Constant-deviation spectrometer, 33, 39 
Continuous spectral discharges, hydrogen 
discharge, 175 
tungsten filament, 177 
underwater spark, 175 
Conversion tables, extinction-transmis- 
sion, 444 

wavelength-frequency, 442 
Coordination, 108 
Copper, 61, 71, 76, 241 

effect as extraneous element, 101 
Cornu prism, 32 
Covalence, 106, 108 
Covalent bonds, 107 
Crook, W. J., 64, 67 
Crossed conjugation, 148 


Crotonic acid, 137 
Cumulative linkages, 212 
Cumulative resonators, 113, 137 
Cyanine dyes, 213 
Cyanogen, 22 

Data sheet, for spectral transmission, 289 
for ultraviolet absorption, 273 
for visual spectrophotometric anatysis, 
268 

Deepening of color, 232 
Definitions, 4 
absorption, 4, 226 
angstrom, 4 
extinction, 4 
frequency, 2, 4 
fresnel, 4 
micron, 4 
millimicron, 4 
molecular extinction, 4 
reflection, 4 
specific extinction, 4 
transmission, 4 
transmittancy, 4 
wavelength, 2, 4 
wavenumber, 2, 4 
de Gramont, A., 70, 77, 328, 330 
See also Persistent lines 
de Lasslo, H,, 146 

Demonstration, of absorption spectra, 
292 

of color production, 292 
Densitometers, 91, 261 
Densitometric method, 89 

experimental procedure for quantita- 
tive analysis by, 258 
Density, calibration, 258 
Density comparator, 95 
I Density-logarithm of intensity, curves, 

1 295 

; ratio, 79 

i Density wedge pattern, 90 
I Developing process, 297 
; Developing technique, 298 
i Developing time, formula for, 297 
Development of plate, procedure for, 237 
: Diaphragm photometei-s, 155 
Diaphragms, 38 
Hartmann, 38 
Diffuse series, 1 1 
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Dimroth, K., 208 
Direct positive spectrograms, 305 
Direct-vision spectroscope, 33 
Discharge light source, 54 
Discharge spectra, 437-441 
Discharge spectra tube, 55 
Discontinuous spectra sources, 49, 55 
Dispersion, 42 

Dispersion curve, quartz spectrograph, 27 
Dominant wavelength, 227 
Donor atoms, 107 
Double-jaw slit, 154 
Double monochromators, 41, 170 
Duffendack, O. S., 51, 99, 100 
step-slit, 39 
Dye analysis, 201 

Echelon cells, 161 
Eder, J. M., 65 
Efficiency of spectrographs, 42 
Electrical circuit, arc source, 50 
spark source, 52 
Electrodes, carbon, 49 
Electromers, 108 
Electron configuration, 17 
Electronic energy, 23, 217 
Electrovalence, 106 
Ellinger, E., 199 
Ellis, J. W., 220 
Emulsion sensitivity, 305 
Emulsions, photographic, 295 
Energy level, 9, 10 
Energy level diagram, aluminum, 19 
band spectra, 24 
hydrogen, 9, 10 
magnesium, 19 
silicon, 19 
sodium, 12, 19 

Enlargement developer, formula for, 301 
Enlargements, 300 
Enlarging paper, 301 
Enlarging procedure, 241 
Esters, 136 

Ethanylene linkage, 131, 147 

Ethenylene linkage, 124, 132, 147, 214 

Ethers, 134 

Ethylene, 128, 132 

Ethynylene linkage, 133, 137 

Exner, F., 65 

Experiments, 233 


Exposure meter, 280 
Exposure procedure for medium spectro- 
graph, 235 

Extinction, 4, 152, 185 
Extinction coefficient, 186 
Bunsen and Roscoe, 185 
Extraneous element, effect of iron, 100 
influence of, 98 
method of excess, 100 
Eye sensitivity to (^olor, 225 

Eery prism, 35 

Film spectrogram, 242, 249, 252, 263, 278 
Filters, 200, 230, 281 
calibration of, 194 
monochromatic, 56 
Fixed slit, 39 
Fixing bath, 299 
Flame light source, 44 
Flash spectrum, 59 
Fluorides, determination of, 100 
Focus adjustment of spectrograph, 234 
Focus settings for Littrow spectrograph, 
245 

P’ocusing procedure for Littrow spectro- 
graph, 244 

Fog (photographic), 296 
Formaldehyde, vapor absorption spec- 
trum of, 117 
Formanek, J., 198 
Formula, for developing time, 297 
for enlargement developer, 301 
Fortrat diagram, carbon monoxide, 25 
Fowler, A., 13 

Franck-Condon diagrams, 148 
Fraunhofer, J., 27 
Fraunhofer lines, 60, 44 1 
Free radicals, 115 
Frequency, 2 

conversion to wavelength and u-ave- 
number, 191 
dispersion, 190 
fresnel, 4 
reading plate, 194 

values for infrared absoi'ption bands, 
221 

Fresnel, 4 

Fundamental concepts, 1 
Fundamental series, 11 
Fused cells, 178 
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Gumma (pliotographic), 296 
Gatterer, A., 66 
Geissler tube, 54 
Geometrical isomers, 133, 134 
Gerlach, W., 64, 80 

Graph form, for visual spectrophoto- 
metric analysis, 267 
for ultraviolet absorption, 276 
Gratings, 308 
concave, 36 
Eagle-mounting, 35 
replica, 37 
spectrograph, 36 
Grotrian diagram of sodium, 12 

Hand spectroscope for ultraviolet, 287 
Hansen step-slit, 38 
Hardy, A. C., 170, 227 
Harmonic systems, 120, 121, 142, 143 
Harrison, G. R., 64, 66 
spectrophotometer, 172, 174 
Hartley, W. N., 77, 187 
Hartmann diaphragm, 38 
Hartmann formula, 74 
Hausser, K. W., 128, 139 
Helium, 66 
Hemoglobin, 204, 293 
Henri, V., 117, 138, 197 
Heterogeneous light sources, 167 
High-speed sector photometers, 157 
Hilger, echelon cells, 161 
sector photometer, 159 
spectrum charts, 66, 67 
Spekker photometer, 155, 162 
Hogness, T. R., 168 

Homogeneous light sour(!es for absorp- 
tion spectra, 177 
Homologous pairs, 81 
Hiifner rhomb, 154 
Hydrates, 135 

Hydrocarbons, alipliatic, infrared ab- 
sorption of, 219 

aromatic, infrared absorption of, 219 
Hydrogen, 8, 9 
arc, 175 

discharge tube, 175 
energy level diagram- of, 9, 10 
Hydrogen-ion determination, 204 
Hydroxy acids, 137 
Hydroxy aldehydes, 137 


Hyperchrome, 127 
Hypochrome, 128 
Hypsochrome, 105, 12S 

Identification, of iron lines, 248 
of standard lines, 241 
of unknowm hnes, 241 
Image, latent, 295 
Incandescent lamps, tungsten, 177 
Inertia (photographic), 296 
Infi-ared, frequency values for organic 
resonators, 221 
sources, 218 
i spectra, 217 

spectrometer, 218 

Insulating effect, methylene linkage, 147 
Insulating linkages, 132, 211 
Interconversion, wavelength, frequency, 
and wavenumber, 191, 442 
Inteimittency effect, 80, 157 
Internal standards, 80 
choice of, 102, 253 
Intramolecular ions, 108 
Iodine, 182 

effect of solvents on, 131 
i effect of temperature on, 131 
I Ionic resonating stimctures, 146 
■ Ionization potential, 20 
I Ionization states, 21 
I Iron, 61, 72, 247, 447-482 
i Iron lines, identification of, 248 
j Iron spectrum, use as graduated scale of, 
251 

1 Irradiation, 208 
j Isobastique point, 206 
I Isomers, electromeric, 108 
geometrical, 133, 134 
! optical, 132, 210 
I position, 126, 144, 145, 215, 219 
tautomeric, 134, 139 
I Isotope effect, 219 
' band spectra, 25 
' carbon, 26 

I Jenkins, F. A., 222 
! Jones, H. C., 199 
Judd Lewis photometer, 155 
i Junkes, J., 66 
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Kasper, C., 219 
Kayser, H., 64, 65 
Ketenes, 138 
Ketones, 134 

unsaturated, 138, 139 
Keuffel and Esser photometer, 156 
Kiess, C. C., 78 
Kirchhoff, G. R., 59 
Klingstedt, F. W., 119, 144 
Kruss, G., 197 • 

Kuhn, R., 128, 210 

Lahoratory experiments, 233 
Lambert’s law, 152, 185 
Lamps, incandescent, 1 77 
mercury, 55, 57 
sodium, 56 
ultraviolet, 175 
Landolt-Bornstein, 65, 198 
Lasareff, P. P., 199 
Latent image formation, 295 
Lead, 71 
Lecomte, .T., 200 
Leonard, A. G. G., 77 
Letzen Linien, see Persistent linens 
Ley, H., 138, 145, 199 
Library facilities, for spectrographic 
laboratory, 312 
Liddel, U., 219 
Light, theory of, 1 
Light Green S F Yellowish, 190 
Light intensity, photographic measure- 
ment of, 79 
Light sources, 44 
arc, 45 
discharge, 54 
flame, 44 

for absorption spectra, 167, 174 
for ultraviolet absorption, 273 
homogeneous, 177 
hydrogen are, 175 
hydrogen discharge tube, 1 75 
monochromatic, 167 
position of, 234 
spark, 52 

tungsten filament, 177 
underwater spark, 175 
Line identification, 73 
Line intensity iheasuremeiit, 91 
Littrow prism, 32 


Littrow spectrograph, 31, 33 
automatic focusing of, 245 
calibration and adjustment of, 243 
focus table for, 245 
focusing procedure of, 244 
optical principle of, 243 
Logarithm, of concentration, 152 
of thickness, 152 
Ijogarithmic sector, 257 
preparation of, 263 
Logarithmic sector method, 83 
' determination of line length, 87 
experimental procedure for, 256 
I intensity by, 260 

; lens position, 87 

: Lowe, F., 64 

! Lummer-Brodhun cube, 154 
multiple-face, 160 
Lundegardh, H., 45 
layman series, 8 

Magnesium, 71, 75 

energy level diagram of, 1 9 
Manganese, 71, 97 
Match point, 193 
determination of, 265 
Mees, E. C, K., 154, 198, 291, 304 
Meggers, W. F., 64, 70, 78 
Mercury, 55 

Mercury vapor lamp, 55, 57 
Method of excess, 100 
Methylene linkage, 124, 134 
Meyer, C. F., 219 
Michelson, A. A., 63 
Microdensitometer, 91 
I Micron, 4 
Microphotometer, 91 
i Millimicron, 4 
i Mixed indicators, 205 
; Mixed solvents, 183 
Molecular extinction, 4 
; Molybdenum, 61 
Monochromatic filters, 56 
Monochromators, 41, 170 
Morton, R. A., 120, 121, 217 
Multiple frequency of absorption i)an(h 
190 

Multiple resonators, 1 1 2 
1 Multiple slit photometer, 1(>() 
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Multiplicity terms, 18 
Munch, R. H., 175 

Naphthalene, 144, 146 
Negative auxochromes, 129 
Negative spectrograms, 5 
Negresco, T., 98 
Neon, 66 
Newton, L, 27 
Nickel, 61 
Nitro, 137 
Nitroso, 137 
Nonferrous alloy, 72 
Normal slit, 44 
Nuclear separation, 149 

O’Brien, B., 159 
Octyl nitrite, 210 
Olefins, 133 

Optical isomers, 132, 210 
Osajin, 137 
Owens, J. S., 100 

Paschen series, 8 
Pauling, L,, 105, 142 
Pellin-Broca constant-deviation prism, 
34 

Persistent lines, 70, 77 
table of, 

by elements, 330 
by w'avelength, 328 
Pestemer, M., 212 
Phenol, 119, 144 

Phenylazophenol, see Benzeneazophenol 
Photoelectric photometers, 169 
Photographic darkroom, 301 
Photographic materials, characteristic 
curve, 295 

variations in, due to wavelength, 304 
density, 79 
developers, 298 
development of, 297 
emulsions, 295 
exposure of, 235 

intermittency effects, 80, 157 
fog, 296 
gamma, 296 
latent image, 295 
paper, enlarging, 301 


: Photographic materials — {Continued) 

' plates, 304 
I numbering of, 235 

, reciprocity law, 158 

I sensitivity, 296 

I developing temperature, 295 

I developing time, 295 

I wavelength, 291 

speed, 295 
bromides, 297 

Photographic tables and charts, 65 
Photography, theory of, 295 
Photometers, 91 
diaphragm, 155 
Judd Lewis, 155 
Keuffel and Esser, 156 
photoelectric, 169 
polarizing, 155, 158, 166, 171 
Spekker, 155 

Photometric method, line intensity by, 
261 

Photronic colorimeters, 230, 280 
application of data for, 281 
experimental procedui-e for, 281 
Phthalic acid, 182 
Plate calibration, 90, 264 
Plate holder, precautions in loading of, 
235 

Platinum, 71 
Polar combination, 106 
Polar solvents, 1 19, 184 
Polarizing photometers, 155, 158, 166, 
171 

Pollok, J. H., 77 

Polyethenylene diphenyl compounds, 128 
Polyphenyl compounds, 1 45 
Position isomers, 126, 144, 145, 215, 219 
Positive auxochromes, 129 
Positive spectrograms, 5 
Potassium, 71 

working curve of, 103 
spectral data for, 103 
I Potassium chromate, 195, 277 
I Potential energy curves, 149 
I Praseodymium acetate, absorption spec- 
j trum of, 123 

I Precautions, for exposure procedure, 235 
for leading plate holder, 235 
Preparation of samples for quantitative 
analysis, 253 
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Primary standard line, 61 
Principal lines, by elements, arc and 
spark, 365-434 
discharge, 437-441 
by wavelength, 332-365 
Pi’incipal series, 11 
Prisms, Caillier, 35 
constant-deviation , 34 
Cornu, 32 
Fery, 35 
hollow glass, 292 
Littrow, 32 
Pellin-Broca, 34 

Procedure for qualitative ideiitifieatiim 
of elements, 251 

for visual absorption spectra, 265 
Pyrimidines, 211 

Qualitative absorption, 151 
Qualitative analysis, 59, 71 
experimental procedure for, 251 
procedure for, 239 
Quantitative analysis, 77 
densitometric method, 89 
experimental procedure for, 253 
logarithmic sector method, 83 
methods of, 102 
patent procedure, 104 
preparation of samples for, 253 
slit illumination for, 255 
working curve, 83 
Quartz, dispersion curve of, 27 
photocell, 169 

Quinoid structures, 115, 146 
Quinones, 141 

Radiant energy, spectral distribution of, 
3 

Rates sensibles, 78 
Rates ultimes, 70, 78 
See also Persistent lines 
Raman, C. V., 221 

Raman frequency for organic resonators, 
224 

Raman spectra, 221 
apparatus, 222 
carbon tetrachloride, 222 
Rare earths, 122 
Reaction rates, 208 
Reading plate, frequency, 194 


Reciprocity failure, 79 
Recording photometer, 92, 93 
Rectifier for arc source, 50 
Reference tables, order of use of, 242 
Reflection, 4 
Reflection spectra, 270 
Reflection spectrophotometry, 270, 272 
Refractive index of air, correction for, 
443 

Remart-Lucas, P., 200 
Replica grating, 290 
I Resolving power, 43 
j Resonance, 105 
i inhibition of, 136, 143 
j Resonating structures, 1 08 
I See also Chromophores 
j Resonators, conjugated, 113 
i . cumulative, 113 
i ■ effect of molecular size of, 213 
j free radicals, 115 
' separated, 140 
i Reversal (photographic), 296 
Rhomb system for photometer illuiniiia- 
tion, 166 

Rocking mirror illumination, 163 
Rotational energy, 23, 217 
Rotatory dispersion, 209 
octyl nitrite, 210 
Rowland, H. A., 63, 67 
Ruehle, A. E., 211 

i Safelights, 300 
Sattu'ated linkage, 131 
Scheibe, G., 64, 67, 81, 138, 179, 200 
Scribner, B. F., 64, 70 
Secondary standard lines, 62 
Sector photometers, 157, 274 
Sensitivity of the eye, 225 
Separated resonators, 140 
; Series, spectral, 11 
I diffuse, 11 

I fundamental, 1 1 

hydrogen, 8 
Balmer, 8 
Brackett, 8 
Lyman, 8 
Paschen, 8 
limitations of, 13 
principal, 11 
sharp, 11 
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Sharp series, 11 
Silica-alumina mixture, 255 
Silicon, energy level diagram of, 19 
Silver, 71 
Slit factor, 44 
Slit illumination, 244 
Slits, 36, 235 
normal, 44 

Smith, D. M., 63, 64, 98 
Sodium, 71 

energy level diagram of, 12, 19 
Grotrian diagram of, 12 
Sodium vapor lamp, 56 
Solder, 71 

Solutions, are spectra of, 49 
spark spectra of, 54 
Solvents, effect on amines of, 137 
effects of, 131, 182 
influence of, 119 

Source-focusing lens, position of, 233 
Spark source, 52 
condensed, 52 
electrical circuit, 52 
uncondensed, 52 
Spark spectra, of air, 435 
of solutions, 54 
Tesla, 52 

Specific extinction, 4, 186 
Spectra, atomic, 7 
molecular, 7 
origin of, 7 
series, 8, 11 
diffuse, 11 
fundamental, 11 
hydrogen, 8 
Balmer, 8 
Brackett, 8 
Lyman, 8 
Paschen, S 
principal, 11 
sharp, 11 

Spectral sensitivity of photographic 
emulsions, 291 

Spectral transmission of glass and plastic 
samples, 288 

Spectrograms, negative, 5 
positive, 5 

Spectrographic equipment, choice of, 307 
cost of, 310 
manufacturers of, 309 


Spectrographic laboratory, arrangement 
and equipment of, 307 
library facilities for, 312 
personnel for, 312 
plan of, 310 
Spectrographs, 29 
efficiency of, 42 
Littrow, 31 
optical path of, 233 
optical principle of, 233 
shutter mechanism, 49 
Spectrometer, constant-deviation, 33 
Spectrophotometers, Bausch and Lomb, 
165 

Brode, 173 
Gaertner, 164 

Hardy-General Electric, 170 
Harrison, 172, 174 
Hilger, 166 
Hogness, 168 
photoelectric, 168 
reflection, 270, 272 
standardization of, 194 
visual, 265 
data sheet for, 268 
graph form for, 267 
method of observation of, 267 
scale graduation of, 266 
Spectroscopes, Bunsen, 28 
direct-vision, 33 

Spectrum charts, iron, Plates II-XXX VT, 
447-482 

Spectrum comparator, 73, 74 
Spectrum line tables, 63 
Spekker photometer, 155 
Spotting procedure for ultraviolet ab- 
sorption negative, 276 
Standard iron spectrum, prepai'ution of, 
247 

Standard lines, (>1 
identification of, 241 
Standard samples, 75 
for ultraviolet absorption, 27S 
Steel, 85, 86 

qualitative analysis of, 250 
Stellar spectra, 60 
Step-density wedge, 90 
Step sector, 84 
Step-slits, Duffendack, 39 
Hansen, 38 
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Stewart, A. W., 197 
Stilbene, 134 
Stimson, F. S., 78 
Strontium, 71 
Substitution effects, 144 
Sulfur, 213 

Tables and charts, 63-67, 197, 327-482 
Tautomeric equilibria, 206 
Tautomeric forms, 134, 139 
Tautomeric isomers, 134, 139 
Temperature, effect of, 184 
influence, on absorption spectra, 1 23 
on iodine, 131 

of developer, effect on photographic 
density, 295 
Term diagram, 15, 18 
Terms, multiplicity, 18 
spectral, 11 

Tertiary standard lines, 62 
Tesla spark circuit, 52 
Thermochromic effect, 184 
Thickness, logarithm of, 152 
Thin-window photocell, 169 
Thiocarbinol, 134 
Thiocarbonyl, 135 

Time of development, effect on photo- 
graphic density, 295 
Tin, 61 

halide complexes, 208 
Titanium, 22 
Transmission, 4, 185, 226 
Transmittaney, 4, 185 
Trichi’omatic coefficients, 228 
Triphenylmethane dyes, 146 
Tristimulus values, 228 
Tungsten filament lamp, 177 
Twilight shift of visibilit 3 ' curve, 232 
Twyman, F., 63, 99, 100, 162, 200 

Ultraviolet absorption spectra, data 
sheet for, 273 

experimental procedure for, 273 
exposure time for, 275 
graph form for, 276 
reading of plate for, 276 


Ultraviolet hand spectroscope, 287 
Ultraviolet transmission of glass and 
plastic samples, 288 
Underwater spark, 175 
Unknown lines, identification of, 241 
Unsaturated acids, 128 
Unsaturated ketones, 138 

Valenta, E., 65 
Van Someren, E. H. S., 98 
Vibrational energy, 23, 217 
Visibility curve, twilight shift of, 232 
Visibility of radiant energy, 225 
Visual absorption spectra, experimental 
procedure for, 265 
Vitamin A, 202, 208, 279 
Vitamin Bi, 211 
von Halban, H., 169 

Wadsworth mounting, 34, 172 
Wavelength, 2 
angstrom, 4 

conversion to frequency and wave- 
number, 191, 442-443 
micron, 4 
millicron, 4 
Wavelength scale, 248 
Wavenumber, 2, 4 

conversion to wavelength and fre- 
quency, 191, 442-443 
Wedge grating spectrograph, 290 
Wedge spectrogram, 154, 291 
of emulsion sensitivity, 300, 303 
Weighting effects on absorption spectra, 
122 

Williams, R. 11., 211 
Wizinger, R., 129 
WoUaston, W. H., 27 
Wood’s metal, 61, 71 
Working curves, 83, 88, 103, 260 
Wright, T. A., 75 
Wright, W. D., 229 

Zeeman effect, 18 
Zinc, 61 



